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  Pref ace   

 This book is a comprehensive collaboration on intelligent polymers and coatings for 
industrial applications by world-class researchers and specialists. The authors cover 
the basic and fundamental aspects of intelligent polymers and coatings, challenges, 
potential mechanisms and properties, classifi cation and composition, synthesis, charac-
terization, and processing of intelligent polymers and smart coatings, bioactive and 
electroactive polymers and coatings, and stimuli responses of intelligent polymers 
and smart coatings. They include recent and emerging industrial applications in med-
ical, smart textile design, oil and gas, electronic, aerospace, and automobile indus-
tries as well as other applications including micro-systems, sensors, and actuators, 
among others. The authors discuss the potential for future research in these areas for 
improvement and growth of marketable applications, current capability, and scale up 
of intelligent polymers and smart coatings in order to improve and spread their appli-
cations. This book serves as a valuable reference to industries, R&D managers and 
staff, scientists and engineers (chemical, mechanical, materials, etc.), chemists, aca-
demics, and other professionals in polymers and coatings, and manufacturers and 
designers dealing with intelligent polymers and coatings. It can also be a guide for 
science and engineering students in universities and research institutes. 

 Chapter   1     provides a critical discussion and an overview of the stimuli- responsive 
polymeric based nano-sized hosts and their applications in drug delivery. 
Furthermore, multi-responsive systems and their forthcoming development as well 
as the challenges associated with some stimuli-responsive polymeric based systems 
are discussed. Chapter   2     covers the stimuli responsiveness of smart polymeric coat-
ings in various applications and their future outlooks within the coatings industry, 
as well as present practical applications and necessities of the stimuli-responsive 
smart polymeric coatings for industrial applications. Chapter   3     gives a critical 
review of diverse biomedical systems implementing electroactive polymers and 
coatings including pharmaceutical and medical industry and highlights their appli-
cations, advantages, and possible limitations. The chapter also introduces innova-
tive approaches for enabling EAP and EAC-based systems to attain their full clinical 

http://dx.doi.org/10.1007/978-3-319-26893-4_3
http://dx.doi.org/10.1007/978-3-319-26893-4_2
http://dx.doi.org/10.1007/978-3-319-26893-4_1


vi

potential. Chapter   4     highlights some of the recent and novel fi ndings in the develop-
ment of piezospectroscopic particle reinforced polymers as smart stress and damage 
sensing coatings. The piezospectroscopic effect for alumina-based particulate com-
posites is outlined and discussed in this chapter for current and future applications 
in the industry. Chapter   5     provides an overview of the methodologies reported to 
produce smart polymer surfaces depending on the external stimuli employed to vary 
reversibly the surface properties. The methodologies to prepare patterned surfaces 
as a function of their fi nal resolution and some of the applications are highlighted in 
which smart polymer surfaces have been applied including wettability, biomedical 
purposes, sensoring, or smart adhesion. Chapter   6     addresses the smart textile trans-
ducer elements, textile platforms, application techniques, and construction meth-
ods. Multiple applications that have been inspired by the lightweight and compliant 
characteristics of smart textiles are further discussed in this chapter. Design princi-
ples and challenges associated with coating technologies as applied to textiles 
including surface treatment for strong adhesion, durability and environmental/
mechanical constraints, and future trends are also introduced. Chapter   7     highlights 
new controlled living polymerization methods. Molecule-loading and types of mor-
phologies of self-assembled supramolecular structures derived from smart polymers 
are also discussed. Chapter   8     discusses functions of bioactive and intelligent natural 
polymers in the optimization of drug delivery. It provides the contexts of natural 
bioactive and intelligent polymers and their unique applications in drug delivery 
that would ultimately benefi t drug delivery systems in benchmarking new drug for-
mulations. Chapter   9     looks at the current literature and patents pertaining to 
aptamer- based smart materials and the applicability of these materials for industrial 
applications. Aptamer-based smart materials bring together aptamer technology 
with material science, producing multifunctional, advanced materials with tunable 
properties that could be applied to many facets of industry. Chapter   10     presents the 
study of superhydrophobic and water-repellent polymer–nanoparticle composite 
fi lms. The methods described in this chapter, where nanoparticles are embedded 
into inherently hydrophobic polymers to achieve the desired hierarchical micro/
nanostructure on surface, are easy, low cost, and can be used to treat large surfaces 
implemented using various nanoparticles and polymers. Chapter   11     deals with the 
application of conducting polymers in solar water-splitting catalysis. Water splitting 
assisted by or driven by illumination with sunlight and involving conducting poly-
mers and the properties of conducting polymers that make them favorable for this 
purpose are also discussed. Comparisons of these properties with those of conven-
tional water-splitting materials are made, and a statement of research and achieve-
ments of solar hydrogen production through water splitting using  conductive 
polymers is reported. Chapter   12     provides an in-depth review of the techniques that 
are typically employed in the preparation and characterization of smart and active 
biopolymers, fi lms, and microparticles, their potential applications within the food 
industry, and the challenges that are associated with their use and development. 
Chapter   13     discusses the use of ATRP and click chemistry for polymerization of 
various clickable monomers using clickable ATRP initiators along with other post-
polymerization modifi cation strategies that can be used to construct macromolecules 

Preface

http://dx.doi.org/10.1007/978-3-319-26893-4_13
http://dx.doi.org/10.1007/978-3-319-26893-4_12
http://dx.doi.org/10.1007/978-3-319-26893-4_11
http://dx.doi.org/10.1007/978-3-319-26893-4_10
http://dx.doi.org/10.1007/978-3-319-26893-4_9
http://dx.doi.org/10.1007/978-3-319-26893-4_8
http://dx.doi.org/10.1007/978-3-319-26893-4_7
http://dx.doi.org/10.1007/978-3-319-26893-4_6
http://dx.doi.org/10.1007/978-3-319-26893-4_5
http://dx.doi.org/10.1007/978-3-319-26893-4_4


vii

with self-healing ability. Chapter   14     comprehensively aims to address a wide over-
view of polyurethane-based smart polymer and the chemistry behind the shape 
memory properties. This chapter also summarizes the recent studies on the explora-
tion of SMPU using vegetable oils along with petroleum-based polyol and the 
potential applications of smart polyurethane. Chapter   15     discusses different poly-
morphisms of PVDF depending on the chain conformations of trans and gauche 
linkages. Various methods employed for the investigation of phase transition and 
strategies for the enhancement of the β-phase such as mechanical stretching, electri-
cal polling, and addition of fi llers are also summarized in this chapter. The evalua-
tion components of the piezoelectric effi ciency and applications of PVDF polymers 
are emphasized in the design of piezoelectric sensors, actuators, and energy harvest-
ing devices. Chapter   16     discusses the different types of multifunctional materials 
used in biotechnology, resuming the opportunities and challenges that are implied 
by those systems with a focus on the multicomponent systems used for complex 
needs, with properties derived from interactions between the system constituents. 
The implementation of multifunctional materials in targeted delivery system that 
simultaneously perform diagnostics, targeted delivery, and effi cient therapy is also 
summarized. Chapter   17     provides a short classifi cation of the polymer nanocom-
posites, highlighting the importance of the shape, size, distribution, and origin of the 
nanofi ller. A review of the investigation methods of the microstructure evaluation is 
performed. Synthesis for the mathematical models developed for their electrical, 
thermal, and dielectric properties is also presented. The current trends in obtaining 
intelligent polymer composites (thermo-sensitive, pH responsive, and other respon-
sive stimuli) for various applications are also reviewed. Chapter   18     starts with a 
brief discussion of the relevant knowledge base, including microstructure of poly-
mer nanocomposites, infl uence of nanomodifi cation on properties of polymeric 
coatings, fabrication approaches, and the use of polymeric nanocoating as a carrier 
for corrosion inhibitors. It also provides a review of technological advances in the 
use of nanotechnology to produce high-performance polymeric coatings with out-
standing corrosion resistance and other relevant properties as well as advanced 
characterization of nanocomposite coatings for corrosion protection. Chapter   19     
introduces amphiphilic invertible polymers as novel smart macromolecules. The 
amphiphilic invertible polymer macromolecules possess an enhanced fl exibility and 
rapidly respond to changes in an environmental polarity by changing their macro-
molecular conformation. Chapter   20     discusses functional materials used as reser-
voirs that enable the controlled delivery of corrosion inhibitors or healing agents 
and mainly focused on those primary stimuli that cause the release of inhibitive 
species from the reservoirs: mechanical damage, ion-exchange processes, and local 
pH changes. Chapter   21     highlights the recent advances and developments in the 
fabrication of ECPs-based textile supercapacitors, including different types of pure 
ECPs and their composites with other conducting materials for preparation of 
hybrid supercapacitors with superior performance for textile supercapacitor appli-
cations. Chapter   22     reviews recent advances in preparation and characterization of 
different self-healing coatings on steel. The main techniques for obtaining self- 
healing coatings and the challenges for future research are also briefl y discussed. 
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Chapter   23     critically discusses silane resin coatings, their structure, characteristics, 
and applications. The concepts of the novel silane compound fi lms, the rationale for 
the research and development, and the application possibilities in many industrial 
fi elds are also introduced in this chapter. Chapter   24     provides the principles and 
fundamentals of various types of smart coatings, materials, design, and processing 
methods, strategies to heal the mechanical damage, and the microencapsulation 
approaches to self-healing polymer development. Chapter   25     presents recent results 
describing sol-gel hybrid optical coating sensors to demonstrate their state-of-the- 
art industrial applications for gases, pH, solvents, and ionic species monitoring. 
Chapter   26     is focused on sensory polymers for detecting explosives and chemical 
warfare agents. Chemical warfare agents, conjugated or conductive polymers, 
molecularly imprinted polymers, and sensor arrays based on a set of polymers are 
discussed. The chapter concludes that polymer chemosensors are the best choice 
when designing and developing chemosensory materials for explosive sensing. 
Chapter   27     describes the synergistic combination of smart polymeric microencap-
sulation technology for industrial applications such as coatings and paints, con-
struction, textile industry, food and beverage industry, pharmaceutical formulations, 
biomedical applications, aerospace, and automobile applications. Chapter   28     pro-
vides an overview of the approaches to the destructive and nondestructive character-
ization of adhesion, from the traditional methods to less common intelligent 
techniques. The main challenges, strengths, and weaknesses related to the evaluation 
of adhesion are also communicated in this chapter. Chapter   29     reviews waterborne 
coatings based on reactive polymer nanoparticles and the fi rst attempts to use smart 
polymer nanoparticles where the crosslinking is triggered by a stimulus which 
occurs after the desired extent of interdiffusion. Different types of crosslinking that 
have the potential to be used in smart waterborne coatings, involving functional 
groups such as alcoxisilanes, carboxylic acids, carbodiimide, aziridine, isocyanates, 
and polyols, are also discussed. Chapter   30     introduces a new class of smart 
UV-curable coatings. Smart coatings such as self-cleaning, self-healing, anti-fog, 
antibacterial, and synthesizing routes for smart coatings and different types of smart 
UV-curable coatings for various engineering applications are also discussed. 
Chapter   31     discusses the use of innovative multifunctional composite silane-zeolite 
coatings. The method proposed in this chapter is based on the deposition, using a 
hybrid silane binder, of the adsorbent material based on aluminum zeolite. The 
characterization of the composite materials in order to evaluate its industrial appli-
cability is also discussed. Chapter   32     gives the approaches for conducting the inter-
calation of poly [oligo (ethylene glycol)-oxalate] (POEGO) into lithium hectorite. It 
also discusses the preparation of different nanocomposite materials by varying the 
molar ratio of the polymer to the lithium hectorite and their characterization using 
powder XRD, TGA, DSC, and ATR along with the use of AC impedance spectros-
copy to measure the ionic resistance of the nanocomposites when complexed with 
lithium trifl ate. 
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    Chapter 1   
 Smart Stimuli-Responsive Nano-sized Hosts 
for Drug Delivery                     

       Majid     Hosseini     ,     Fatemeh     Farjadian     , and     Abdel     Salam Hamdy     Makhlouf    

    Abstract     The evolution in the synthesis of smart polymers broadens new horizons 
for their potent application in medicine, especially in drug delivery. Many synthetic 
polymers that exhibit environmentally responsive behavior are potential smart car-
rier candidates that allow for controlled therapeutic delivery. These materials can be 
loaded with specifi c drugs for therapeutic applications, releasing treatment in 
response to a stimulus. This stimuli-responsive capability has enabled smart poly-
meric materials to distribute drugs in response to commonly known exogenous and/
or endogenous stimuli. Examples of these various stimuli include pH, enzyme con-
centration, temperature, ultrasound intensity, as well as light, magnetic fi eld, redox 
gradients and a multitude of other potential stimuli. This chapter provides a detailed 
critical discussion and an overview of the stimuli-responsive polymers which have 
found applications in targeted drug delivery. Furthermore, multiresponsive systems 
and their forthcoming development as well as challenges associated with some 
stimuli-responsive systems are discussed. Finally, the most recent and emerging 
trends along with a look toward expected future breakthroughs using these types of  
nanocarriers are discussed.  

  Keywords     Smart polymers   •   Stimuli-responsive polymers   •   Nanocarriers   •   Drug 
delivery  
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1.1       Introduction 

 The developments in pharmaceutical sciences have made improvements in the drug 
administration fi elds including design, action, toxicity, and delivery. The research 
being done in this fi eld has resulted in reducing the drug’s side effects and conse-
quently has improved the treatment, and in some cases prevention, of a vast array of 
diseases. The most signifi cant approaches are in controlled and targeted drug deliv-
ery. Delivering an existing drug to cure the affected diseased area, while leaving 
healthy organs unscathed, is the key concept in this fi eld. For this purpose, scientists 
have taken advantage of the wide breadth of knowledge offered through the coop-
eration of multidisciplinary fi elds, including nanotechnology and material sciences. 
Nanotechnology is as an emerging fi eld in medicine which has revolutionized the 
traditional and unsuccessful methods of drug delivery involving the application of 
high drug dosages, especially in terminal diseases like cancer. Indeed, nanocarriers 
that are engineered from sustainable materials could be synthesized and used as 
effi cient hosts for therapeutic agents. One of the emerging contributions from the 
collaboration between nanotechnology and material chemistry is the design of 
smart nanocarriers. Materials that are capable of responding to external stimuli are 
commonly referred to as “intelligent” and/or “smart” materials [ 1 ]. Intelligent poly-
mers (IPs) are a signifi cant class of polymers with broad applications. Polymers 
which respond not only to environmental changes but to small external stimuli as 
well are sometimes called soluble/insoluble stimuli- responsive polymers [ 2 ]. IPs 
show great promise and are already widely used in drug delivery, cell culture, gene 
carriers, tissue engineering, drug and gene delivery, cancer therapy, dental and med-
ical devices, and protein purifi cation [ 3 ]. 

 Generally, three main groups of stimuli are known to infl uence structural changes 
of IPs: physical, biological, and chemical. The fi rst group of physical stimuli includes 
light, mechanical forces and/or stress, temperature, ultrasound wavelengths, etc. Of 
the chemical stimuli group, ionic strength and changes in pH can be mentioned. The 
group of stimuli, referred to as biological stimuli, can include enzymes and biomol-
ecules [ 4 ]. Recent developments and further improvements of smart nanocarriers 
have made them suitable candidates as vehicles for the deliberate release of drug. 
Versatile, controllable, sensitive, and stimuli-responsive macromolecules play a cru-
cial role in smart nanoparticle’s formation [ 4 ,  5 ]. Thus, such carriers have the ability 
to adapt their physicochemical properties and as such have the ability to react to a 
plethora of stimuli in multiple fashions. They can also respond to naturally promoted 
internal stimuli of certain pathophysiological conditions, including those aforemen-
tioned responses to external stimuli. Several monomers are stimuli-sensitive specifi c 
and have the ability to be customized with either a single stimuli-responsive homo-
polymer or with copolymers responding to multiple stimuli. The sensitivity of IPs 
can potentially be fi ne-tuned in order for them to respond to a selected stimulus 
within a narrow range. These benefi ts of intelligent nanocarriers systems must be 
considered to accurately and effi ciently program drug delivery [ 5 ]. This chapter cov-
ers an introduction to intelligent nano-sized hosts which have found applications in 
drug delivery, their future outlook; and presents practical applications and necessities 
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of the intelligent/smart nanocarriers for drug delivery applications. Broadly speaking 
the nanocarriers are generally categorized as polymer-based, lipid-based, and metal- 
and/or inorganic-based nanocarriers. In the following sections, intelligent nano-poly-
meric micelles, nanogels, magnetic nanoparticles, mesoporous silica, and gold 
nano-sized structures capable of responding to different stimulus with an emphasis 
on pH, temperature, and dual-responsive systems will be discussed.  

1.2     Stimuli-Responsive Nano-polymeric Micelles 
Drug Delivery System 

 Polymeric micelles are typical aggregates of di-  or   triblock copolymers which con-
sist of hydrophobic and hydrophilic blocks [ 6 ,  7 ]. Functional polymers of block 
construction allow for drug entrapment within these structures and make versatile 
delivery systems [ 6 ]. The development of reversible addition–fragmentation chain 
transfer (RAFT) as well as atom transfer radical polymerization (ATRP) (i.e., con-
trolled living polymerization techniques) allows for molecular weight as well as 
dispersion control of block copolymers, which favors micelle formation while con-
trolling chain sizes [ 8 ,  9 ]. Nano-sized micelles are appropriate vehicles for targeted 
drug delivery systems [ 10 ]. Smart micelles, composed of hydrophilic blocks, are 
able to respond to a plethora of stimuli including: optic changes, medium, tempera-
ture, and, etc. [ 11 ]. Smart micelles can also potentially self-assemble in response to 
stimulus [ 12 ,  13 ]. During these conformational changes, the therapeutic agents 
which could be entrapped in these structures would be released in response to stim-
ulus [ 11 ,  13 ]. A schematic illustration of a block copolymer capable of micelliza-
tion in response to stimulus is shown in Fig.  1.1 .

   In drug delivery systems, the research community has placed a great deal of 
focus on sensitivity to temperature [ 14 ,  15 ]. Block copolymers, composed of ther-
moresponsive segments, are potent pre-micelle structures which can self-assemble 
when they undergo changes in temperature [ 14 ,  16 ]. The changes of such structures 
are highly dependent on  their   lower critical solution temperature ( LCST)   [ 17 ]. It 
should be noted that temperature variation can cause changes in solubility and 
would consequently infl uence the effective control of the drug release rate while 
maintaining physicochemical stability and biological activity within the human 

  Fig. 1.1    Micellization in response to external stimuli       
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body [ 15 ]. This solubility transformation can potentially be associated to the pres-
ence of hydrophobic (alkyl) groups which are signifi cant in establishing either 
LCST or upper critical solution temperatures (UCST). N-alkyl acrylamides are the 
most widely studied precursor in the synthesis of thermoresponsive macromole-
cules [ 15 ,  18 ]. Meanwhile, poly(N-isopropyl acrylamide) (PNIPAAm) is mostly 
incorporated in synthesis of thermoresponsive micelles for delivery systems [ 19 ]. The 
overwhelming applications of PNIPAAm in biological systems are related to a spe-
cifi c LCST (i.e., 32 °C), which is near the temperature profi les exhibited in the human 
body. However, when surfactants and additives are added, the LCST can be increased 
to a temperature that is more comparable to that of the human biological system. 
Furthermore, comonomers, be they hydrophobic or hydrophilic in nature, can be uti-
lized in the copolymerization required for the arrangement of LCST [ 19 ]. This is 
illustrated by the polymer’s hydrophilic properties that, when enhanced, higher tran-
sition temperatures can be obtained through the subsequent increase of the macro-
molecules’ hydrogen-bonding ability. Conformational change of the polymer, 
exacerbating insolubility, and hydrophobic tendencies occur when temperatures are 
above the LCST [ 20 ]. In an aqueous environment, solubility of the polymeric system 
increases at sub-LCSTs. LCST systems are also dependent on pressure, and rely upon 
not only temperature, but the entropy of mixing as well [ 20 ]. 

 By disrupting the water  assembly   that surrounds the polymer structure, the inclu-
sion of moieties (i.e., hydrophobic moieties) was found to result in the decrease of 
the LCST. Micelle formation in copolymers with thermosensitive PNIPAAm can 
take place in two different circumstances: shell formation will occur when below 
the LCST and as a corona when above the LCST [ 21 ,  22 ]. It is possible to create 
micelles with core–shell characteristics by utilizing copolymer systems that contain 
both PNIPAAm and hydrophobic segments, where the hydrated PNIPAAm- 
segmented outer shell is hydrophilic and the inner core is hydrophobic below the 
PNIPAAm’s LCST [ 22 ]. Drugs which are hydrophobic can be loaded in the inner 
core, while aqueous solubilization and responsiveness to temperature is managed by 
PNIPAAm’s outermost shell. The interior’s core is prevented from interacting with 
the biocomponents by the hydrophilic PNIPAAm outer shell, also acting as a micelle 
stabilizer. However,    hydrophobicity can be induced through localized heating of the 
outer PNIPAAm shell [ 23 ]. It is possible to increase the selective, localized micelle 
amassing through improving their cell adsorption which is dictated through those 
hydrophobic interactions from the cells and polymeric micelles [ 24 ]. Therapeutics 
can be delivered by thermoresponsive micelles by means of a stimuli-responsive 
targeting process; for example, a solid tumor could be treated by site-specifi c heat-
ing. In conjunction with their enhanced permeability and retention (EPR) effects, 
thermally sensitive micelles are predicted to display their dual-targeting functional-
ity with the capability of being induced through both thermal and passive means. 
Micelle destabilization can also occur at temperature exceeding the LCST, causing 
the site-specifi c drug release to be increased [ 25 ]. 

 Pioneering  research   in regards to block copolymer micelles that responded to ther-
mal changes were comprised of PNIPAAm and polystyrene (PSt) segments [ 23 ]. 
Preparation of a series of polymers that were PNIPAAm-based was accomplished in 
later studies through the use of free radical polymerizations while utilizing either 
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polycondensations, chain transfer agents, or polymerizations with ring openers, with 
the following products being created: “alkyl-terminated PNIPAAm” [ 26 ], PNIPAAm 
that had been altered to be hydrophobic [ 27 ], “PNIPAAm- b - poly(butyl methacrylate) 
(PNIPAAm- b -PBMA)” [ 25 ], and “ PNIPAAm- b -poly( D , L - lactide) (PNIPAAm- b -
PLA)” [ 22 ]. Sluggish drug delivery was found to occur in micelles of PNIPAAm- b -
PBMA carrying doxorubicin (DOX) [ 25 ]. However, rapid DOX release may potentially 
be coaxed through purposeful micelle structure deformation at conditions higher than 
the LCST. Furthermore, structural changes of temperature- responsive micelles were 
stimulated by LCST temperature cycling, thus regulating the DOX release behavior 
[ 25 ]. In contrast, due to their stiff core of PSt ( T g ~ 100 °C) being unaffected by 
expansion then contraction of the PNIPAAm coronas’ conformational transition, no 
signifi cant DOX release above the LCST  for   PNIPAAm- b -PSt micelles was 
observed. It was reported that the stability and the thermosensitive drug release 
properties of polymeric micelles were dependent upon the hydrophobic segment 
construction of the inner core [ 23 ]. 

  As  in vivo application was impractical due to the LCST of “PNIPAAm, 
P(NIPAAm- co -N, N-dimethylacrylamide)- b -poly(caprolactone)” [ 28 ] and degrad-
able “P(NIPAAm- co -N, N-dimethylacrylamide)- b -poly( D , L -lactide) (P(NIPAAm–
DMAAm)- b -PLA)” [ 29 ] copolymers consisting of LCST greater than physiological 
conditions (40 °C) were created. Further, P(NIPAAm–DMAAm)- b -PLA’s mecha-
nism allowing for intracellular uptake when exposed to a thermal stimulus was 
examined within carotid endothelial cells [ 29 ]. Each of the following factors had a 
considerable effect on the micelles’ internalization: thermal conditions, the viability 
of the cells, time, and the concentration of the micelles. Internal lysosome observa-
tion could not take place for the “P(NIPAAm–DMAAm)- b -PLA” micelles that sur-
rounded the “Golgi apparatus/endoplasmic reticulum.” Figure  1.2  is a schematic 
illustration of this phenomenon adapted from Okano et al.’s report [ 29 ].

   The data gathered from Okano et al.’s study reveals that micelles with thermally 
responsive properties may fi nd application as intracellular drug delivery systems for 
either drugs that are sensitive to pH and certain enzymes or for biomolecules such 
as DNS, proteins, and peptides; each of which can be activated via heat at the 
desired delivery site [ 29 ]. 

  Fig. 1.2    An illustration of thermoresponsive drug-loaded nanoparticle uptake into the cells 
(Reprinted with permission from [ 29 ], Copyright American Chemical Society)       
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  The   evaluation of micelle cores consisting of thermally sensitive “PNIPAAm, 
PMNP [poly(N-acryloyl-5-methoxy-2-pyrrolidone)]”, or “PBNP [poly(N-acryloyl- 5-
butoxy-2-pyrrolidone)]” were performed in order to determine their DOX-loading 
effi ciency (DLE) [ 30 ]. Micelles loaded with DOX displayed the following DLE trend: 
“PNIPAAm–PNP < PNIPAAm–PMNP < PNIPAAm–PBNP.” This is associated with 
the relationship between the core’s increasing desire to be hydrophobic and the 
enhanced cohesive forces displayed between it and the drug [ 30 ]. When tempera-
tures are greater than the LCST, the release of the drug is as follows, which implies 
that the cohesive forces that allow for excellent encapsulation also hinder release: 
“PNIPAAm–PNP > PNIPAAm–PMNP > PNIPAAm–PBNP” [ 30 ]. pH- responsive 
micelles are copolymers containing pH-sensitive segments which are capable of 
varying their dimensions when responding to pH variations of their surrounding 
medium [ 31 ,  32 ]. Herein, two kinds of pH-sensitive micelles are to be considered 
and discussed: anionic amphiphilic polymers which have a block of functional 
group containing  an   acidic group and when immersed in basic pH swell, while oth-
ers consist of groups that are basic and when exposed to acidic pH, swell. The nano-
sized micelles of IPs can be designed for delivery systems of anticancer drugs where 
changes and/or manipulation of pH can potentially infl uence the drug’s release. Due 
to acidic medium of most tumors’ cells (pH of 5.8–7.2), which is different from that 
of healthy organs, pH triggering could be successful in releasing the entrapped drug 
in pH-responsive micelles [ 33 ]. 

 It was shown that  the   solubilization of the membranes of lipids by hydrophobic 
polyelectrolyte poly(2-ethylacrylic acid) is highly dependent upon pH [ 34 ]. When 
such drug-loaded pH-responsive particles passes through the  “extracellular space” , 
encountering  “early”  and  “late endosomes”  along with  “lysosomes” , a drug is 
exposed to pHs ranging from 7.4 to 5 [ 34 ]. 

 Pharmaceutical scientists take advantage of cell membrane pH gradient so as 
to stimulate and activate carriers, (i.e., lipids, colloids, polymers, and particles) 
causing disruption while permitting drug escape from the endosomal compart-
ments. Due to their low toxicity and high effi cacy, acidic membrane-disruptive 
polymers, that are inert at an above neutral pH (7.4) and are relevant to endolyso-
somal traffi cking (pH of 5–7), have been exploited in intracellular delivery appli-
cations [ 35 ,  36 ]. A vast array of anionic and cationic polymers, able to trigger a 
stimulus response based upon the pH-reliant protonation states driving the transi-
tions that are physicochemical, are able to provide precise membranolytic activity 
within these limits [ 34 ,  37 ]. 

  pH-sensitive polymers   with anionic groups are copolymers and can contain 
many different segments with examples being that of acrylic acid and alkyl acry-
lates, hydrophobic monomers and alkyl acrylic acids [ 38 ], or the poly(styrene- alt -
maleic anhydride) altered with alkyl amide [ 39 ]. The polymers become protonated 
when exposed to an acidic environment, encouraging aggregation with their newly 
hydrophobic backbones along with their acquired membrane-partitioning behavior. 
At a high  or   even neutral pH, these polymers are deprotonated and become hydro-
philic. Thus, self- aggregation performance becomes more precise by means of these 
structures [ 39 ]. 
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 With simple preparation methods, established polymeric materials, minimal tox-
icity, and particle sizes between 10–1000 nm, polymeric nanospheres are able to 
perform as pH-sensitive oral drug delivery vessels [ 40 ]. Hoping to improve upon the 
peptidic and peptidomimetic drugs’ bioavailability, these pH-sensitive polymeric 
nanospheres were initially developed that ultimately led to the creation of the 
gastro- resistant coating agent Eudragit ®  (L100–55, L100, and S100) family of 
MAA copolymers [ 41 ,  42 ]. Cationic amphiphilic micelles are another type of pH- 
responsive polymeric systems. Several nanomicellar systems for drug delivery have 
been introduced based on polyethyleneimine (PEI) including PEG– b -PEI [ 43 ], 
PLGA– b -PEI [ 44 ], and MPEG–PCL- g –PEI [ 45 ]. Although there are many poly-
mers that present desirable cytotoxicity and transfection effi ciency properties (i.e., 
PAMAM, poly(N, N-dimethyl aminoethyl methacrylate) (PDMAEMA), poly( L - 
lysine) (PLL), and modifi ed chitosan), researchers continue to use polyethylenei-
mine (PEI) as a baseline that all novel polymeric systems are evaluated [ 31 ]. 
Nanospheres synthesized from mixtures of chitosan and pH-sensitive polyanions 
(Eudragit ® ) were applied for oral delivery of insulin [ 46 ].    Rat oral studies displayed 
increased plasmatic drug levels for the systems when evaluated against encapsu-
lated insulin [ 46 ]. 

  Anionic polymers   with PAA, PMAA, PEAA, PPAA, PBAA, NIPAM, PGA, or 
other carboxylic groups are some of the most frequently utilized polymers that 
respond to changes in pH [ 31 ]. The quick phase transition and tight conformation 
that is characteristic of PAA is caused by the carboxylic acid groups due to the pro-
motion of aggregation via their induced hydrophobic interactions [ 31 ].  These   mul-
tipurpose polymer classes are suitable vehicles for macromolecular intracellular 
deliveries such as that of DNA, siRNA, drugs, peptides, and proteins while main-
taining their affability for creation via controlled polymerization techniques (i.e., 
RAFT) [ 47 ]. 

 As an example of all stemming from  a   polyphosphoester block copolymer sys-
tem that is biodegradable in nature, variation of nanoparticles’ surface charge/func-
tionality will quickly and simply yield pH-sensitive block copolymers [ 48 ]. Micelle 
formation (i.e., positive, negative, neutral, zwitterionic) occurred rapidly when vari-
ous amphiphilic diblock polyphosphoesters were separately suspended in water 
[ 48 ]. Figure  1.3  represents an illustration of different types of micelles, adapted 
from Wooley et al.’s report [ 48 ]. These micelles showed high biocompatibility and 
low cytotoxicity and are attractive for drug delivery purposes [ 48 ].

   Researchers have used all of the resources at their disposal so as to determine the 
best way to modify carrier’s structure so as they are able to respond to a plethora of 
stimuli (e.g., pH, oxidation–reduction, photons, electrons, enzymes, temperature, as 
well as magnetic fi elds) while increasing the drug’s effectiveness and retaining its 
targeting mechanism [ 49 ]. Among all of the dual-responsive nanosystems, those 
nanoparticles that act upon pH and temperature changes are among those that are 
most studied. Figure  1.4  is a schematic illustration representing pH  and   temperature 
response, adapted from Schilli et al.’s report [ 50 ]. Thermal, pH, and solvent varia-
tion, as well as the length of the block, were all key factors in distinct micelle forma-
tion from PNIPAAm-b-PAA copolymers [ 50 ].
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   In designing  these   dual-responsive systems, many researchers have included 
weak acids, which in and of themselves are pH sensitive, into thermosensitive 
PNIPAAm, granting with the network a pH-dependent LCST. The precise phase 
transition is activated by slight changes in pH and thus creates tumor-fi ghting drug 
delivery systems that rely upon pH activation [ 50 ]. 

 Self-assembled, thermal/pH-sensitive core–shell nanoparticles composed of 
poly(NIPAAm- co -N, N-dimethylarylamide- co -10-undecenoic acid) were found to 

  Fig. 1.3    An illustration of different type of micelles; ( a ) nonionic, ( b ) anionic, ( c ) cationic, ( d ) 
zwitterionic (Reprinted with permission from [ 48 ], Copyright American Chemical Society)       
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be stable in simulated physiological conditions (pH of 7.4, 37 °C); deforming/
precipitating in an acidic environment [ 51 ]. In an in vitro study, rapid DOX release 
was achieved in a simulated tumor environment (pH of 6.6) when compared to the 
same study conducted in a typical physiological environment (pH of 7.4) [ 51 ,  52 ]. 

 Thermal/pH-responsive  nanoparticles   synthesized were formed from a 
poly(NIPAAm- co -AA) block as well as a hydrophobic polycaprolactone block [ 53 ]. 
Interestingly, the nanoparticles were encapsulated up to 30 % (weight) by the polymeric 
systems and aggregated in the following conditions (pH 6.9; 37 °C) with higher tem-
peratures and an acidic environment encouraging expedited drug release [ 53 ]. Many 
other interesting examples include “poly( D ,  L -lactide)- g -poly(NIPAAm-  co - MAA)” 
for 5-fl uorouracil’s controlled delivery [ 54 ], methoxy-PEG- b -P(N-(2- hydroxypropyl) 
methacrylamide dilactate- co -(N-(2-hydroxy propyl) methacrylamide- co -histidine) 
for controlled delivery of DOX [ 55 ], and poly(NIPAAm- b -poly(histidine) for the 
delivery of DOX [ 56 ]. 

  Macromolecular chimeras   are a fascinating group of block copolymers that consist 
of synthetic polymers that have been conjugated with polypeptides. Within these sys-
tems, lysine and glutamic acid are frequently used and “poly(N, N-diethylacrylamide)-
 b - poly-( L -lysine)”, with its thermal/pH-sensitive characteristics, was recently studied 
[ 57 ]. However, with desirable characteristics including non-toxicity, biocompatibil-
ity, increased effi ciency, nutritional functionality, and poignant pH sensitivity, poly( L -
histidine) [p (His)] stands out against other amino acids as a promising contender 
[ 56 ]. Effective drug release may be accomplished through the implementation of a 
core or corona of p (His) in polymeric micelles [ 56 ].  

1.3     Stimuli-Responsive Nanogels in Drug Delivery Systems 

 Nanogels can be defi ned as cross-linked colloidal particles swelling through large 
solvent absorption, unable to dissolve due to the polymeric network’s structure, be 
it chemically or physically cross-linked [ 58 ]. The behavior of these micro-/nanogels 
encompasses that from the swollen form (polymeric solution) to their collapsed 

  Fig. 1.4    pH and 
temperature response 
from PNIPAAm- b -PAA 
(Reprinted with permission 
from [ 50 ], Copyright 
American Chemical 
Society)       
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form (hard particles). Responses to stimuli vary depending on whether they are 
chemical, physical, or biochemical. The interactions between nanogels, whether 
between themselves or drugs, can be reversibly tuned depending upon the particle’s 
swelling degree, opening the door to a vast array of opportunities [ 59 ]. The  key 
  component of nanogels, also commonly known as nano-hydrogels or hydrogel 
nanoparticles (NPs), varies in size (10–1000 nm) is three-dimensional hydrophilic 
networks. Typical nanogel characteristics are that of stability, high  specifi c surface 
area, high water content, and biocompatibility. Nanogels are classifi ed as nanogels 
that respond to stimuli or as nanogels that are sensitive to their environment [ 59 ]. 
The potential use in drug delivery applications has allowed nanogels to be in the 
spotlight of research in nanomedicine [ 60 – 63 ]. Although they already are capable 
of biological barrier crossing, provide drug degradation protection in physiological 
conditions, and provide ample surface area for conjugating targeting ligands, sev-
eral other properties of stimulus-responsive nanogels make them truly unique and 
desirable. Such properties are as follows: hydrophilic interior network provides 
both protection for hydrophilic small molecules/biomacromolecule drugs and load-
ing capabilities; their chemically cross-linked structure and the hydrophilic surface 
polymer chains allow for increased stability and prolonged exposure within the cir-
culatory system; external stimuli can dictate the loading and release profi le of a 
drug, reducing side effects while improving loading effi ciency and enhance bio-
availability; targeting external stimuli are site-specifi c; and increased retention in 
the diseased site [ 64 ]. The RAFT process can yield nanogels consisting of a well- 
defi ned structure and functionality by one of two approaches: either by the pre-
formed polymer approach or the direct polymerization approach [ 65 ,  66 ]. It should 
be noted that while some micelle nanostructures synthesized by cross-linked, block 
copolymer assemblies are comparable to nanogels, the focus of the following dis-
cussion lies outside of the self- assembling block copolymer process. 

  Temperature-induced changes   of a nanogel’s polymer size, though rapid in 
nature, take place at the volume phase transition temperature (VPTT) [ 67 ]. These 
thermal-responding nanogels can be segregated into two groups depending upon 
their volume phase transition profi le: positively or negatively temperature respon-
sive [ 68 ]. Accelerated increase in particle size occurs when approaching the VPTT 
in positively temperature-responsive nanogels, while shrinkage is hastened above 
the VPTT in nanogels that are negatively temperature-responsive [ 68 ]. Although 
they are formed from PNIPAAm, possess a desirable LCST in aqueous solutions, 
and are at the center of more studies [ 69 ], negatively temperature-responsive nano-
gels are not effi cient drug delivery carriers. Preference has been given to positively 
temperature-responsive nanogels, as their swelling behavior is induced by localized 
temperature fl uctuations; this, along with their UCST,  provides   predictable and 
stable release of the encapsulated drug [ 69 ]. Conversely, negatively temperature-
responsive nanogels release their drug payload through the collapse of their struc-
ture, which is less effi cient and has the increased potential to release the drug 
prematurely. Regrettably, advancement in the use of positively temperature-respon-
sive nanogels as delivery vehicles for therapeutics has stalled in the research stage. 

 So as not to inhibit drug release, nanogels that are to be used as drug delivery sys-
tems must possess a  VPTT   that is slightly greater than that of normal tissue, as the 
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area that requires treatment is typically infl amed or local hyperthermia can be easily 
induced. Attempting to increase the VPTT of a PNIPAAm chain proved successful 
through the incorporation of hydrophilic monomers; however this rendered the struc-
ture unusable for thermosensitive drug release systems, as it diminished the sharpness 
of their volume phase transition and extended the phase transition  temperature range 
[ 70 ]. Good examples of such systems are hydrogels including PNIPAAm. An “ON/
OFF release” mechanism activating in response to stepwise temperature changes was 
achieved by synthesizing cross-linked NIPAAm and BMA copolymers, providing 
desirable mechanical properties and swelling behavior that is thermally dependent. 
The release profi le of the drug named indomethacin was observed and documented as 
“OFF” at elevated temperatures and “ON” at reduced temperatures [ 71 ]. 

  Positive thermosensitive hydrogels   expand at elevated temperatures and collapse 
at reduced temperatures. Those hydrogels that include PAA interpenetrating poly-
mer network (IPN) and “PAAm or P(AAm– co -BMA)” exhibited a positive reliance 
on temperature during their expansion and the transition temperature, increasing 
with additional BMA [ 69 ]. Hydrogels respond to abrupt thermal changes, with their 
reversible swelling behavior allowing the drug’s release rate, in this case ketopro-
fen, to be reversible from said monolithic device [ 69 ]. 

 Pluronics and Tetronics are among the most frequently  used   thermoreversible 
gels, some of which have passed approval cycles for both the EPA (United States 
Environmental Protection Agency) and FDA (Food and Drug Administration) so as 
to be used in food, pharmaceutical, and also agricultural products [ 72 ]. 
Thermoreversible gels administration for parenteral application biodegradability is 
desirable, therefore a biodegradable poly( L -lactic acid) segment is typically used in 
lieu of the PPO portion of the PEO–PPO–PEO structure [ 73 ]. 

 A potential approach for site-specifi c therapeutic delivery is by  implementing 
  pH reactive nanogels that are designed to change shape and/or their structure when 
exposed to a predetermined critical pH value. The critical pH that the nanogels 
respond to is determined by the weakly acidic groups’ p K  a  or the weakly basic 
groups’ p K  b  present on their polyelectrolyte structure, thus enabling the identifi ca-
tion of two different system classifi cations: cationic or anionic [ 72 ]. Anionic pH- 
responsive nanogels swell when exposed to a pH environment greater than the p K  b  
value while the inverse cationic systems, where swelling occurs at a pH value lower 
than the p K  of the weakly basic group [ 72 ]. Additional alkyl residues that are 
hydrophobic incorporated into the polyelectrolyte backbone of the nanogel will 
shift the pH. 

 The changing pH found within the human gastrointestinal tract provides a per-
fect environment for the application of orally delivered pH-responsive microgels 
and nanogels, where the conditions within the stomach are acidic (pH 2) and then 
become basic within the intestines (pH 5–8) [ 74 ]. An in vitro study reporting on the 
pH-sensitive glutaraldehyde cross-linked pectin-based nanogels used as drug deliv-
ery vehicles was conducted in several simulated physiological fl uids: colonic, gas-
tric, and intestinal [ 74 ]. Upon completion, data gathered indicated that the nanogels 
appeared to be well suited as drug delivery vessels, specifi cally for delivery to the 
colon, as release speed was increased by a higher pH environment and the pectino-
lytic enzyme resent within the colon [ 74 ]. 
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 The pH-responsive  nanogels   have been utilized in chemotherapy treatments, 
releasing the treatment to the diseased area an initiated via local pH gradients [ 64 ]. 
Nanogels can be customized, based on application and the response desired, to 
release the loaded drug either extracellulary or intercellularly. The positive or nega-
tive charges found on the amphoteric polyelectrolyte polymeric chains also infl u-
ence the response behavior of the nanogels. The isoelectric point (IEP) feature of 
these polymeric structures has also piqued the interest of researchers, as it can sig-
nifi cantly infl uence both the equilibrium swelling ratio and loading/releasing pro-
fi les. Interior loading of nanogels with large oppositely charged biomacromolecules 
as the polyelectrolyte chains can handle their electrostatic interactions. This type of 
pH-responsive nanogel loading is very effi cient and can become effective gene 
delivery systems as immobilized polynucleotides are now loadable [ 75 ]. 

 Researchers have proven that external stimulus-responsive systems are capable 
of responding, both independently and simultaneously, to multiple stimuli (i.e., pH, 
temperature). These systems have been formed using  various   techniques and a wide 
array of materials. A simple solution is through the copolymerization of two differ-
ent stimuli-responsive units (i.e., one pH sensitive, the other temperature) as is seen 
with PNIPAAm- co -PAA [ 76 ]. Multiple evaluations have been undertaken to assess 
the potential for hydrogel systems of PNIPAAm construction to be used as drug 
carrier vehicles that respond to various types of stimuli [ 62 ]. At reduced tempera-
tures, PAA and polymers with an amide moiety PAAm create hydrogen bonds, dis-
sociating at another thermal value; the behavior is known as the “zipper effect” [ 77 ]. 
Also, the interaction induced by hydrogen bonds for IPN or mixture solutions of 
linear PAAm and linear PAA has been reported [ 77 ]. 

 Another very apparent solution to the researchers was the RAFT copolymeriza-
tion of poly(NIPAAm- co -propylacrylic acid) which, when considered alongside 
their low polydispersities, presents a severe response to minute changes in stimuli 
(i.e., temperature, pH) [ 78 ]. Furthermore, the utilization of ATRP creates acrylic- 
based hydrogels, potentially used as drug carrying vehicles or in tissue engineering, 
where thermal and pH changes dictate the swelling ratios and kinetics [ 79 ]. By 
grafting  or   blending, polymers that respond to thermal cues can be incorporated 
with pH-responsive polysaccharides, thus being able to be used in a dual-responsive 
system [ 79 ].  

1.4     Stimuli-Responsive Magnetic Nanoparticles 

 Biomedical, coating, microfl uidic, and microelectronic fi elds are some of the many 
disciplines that may benefi t from the development of research in magnetic- 
responsive nanoparticles. These systems can be achieved through the combination 
of magnetic and polymeric components, while subsequently yielding magnetic- 
responsive composites that  possess   noninvasive control methods. In summation, 
magnetic-responsive composite materials can be categorized by the following three 
key attributes: deformation exhibited when exposed to a magnetic fi eld, magnetic 
guidance ability, and viability as a thermoresponsive system activator [ 80 ]. Within 
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the biomedical fi eld, magnetic nanoparticles have been increasingly studied and 
used as effective delivery systems as seen in their utilization as MRI contrast agents, 
hyperthermia cancer treatment intermediary, as well as in other site-specifi c treatments 
[ 81 ,  82 ]. Found as either hybrid materials or iron oxide composites, magnetic 
nanoparticles (MNPs) described as core–shell systems highlight some of the most 
interesting properties of hybrid organic/inorganic nanocomposites and may hold 
promise in a vast array of applications within the biomedical fi eld [ 83 ,  84 ]. 
Researchers have experienced great diffi culty in determining the optimal design for 
stimuli-responsive systems that are to be used in various applications since structur-
ally signifi cant changes are restricted kinetically (expansion/shrinking profi les). 
This can be accomplished through the application of magnetic and or electric fi elds 
and the use of appropriately sensitive systems (MNPs) that respond to such signal 
quickly and through non-contact agitation [ 82 ]. 

 Magnetothermally responsive materials are the integration of thermally respon-
sive materials along with MNPs and, with their activation able to be triggered 
remotely via  ac  magnetic fi eld generation, are able drug delivery systems, delivering 
the payload  through   macromolecular conformational alterations (open pore) [ 82 ]. It 
was reported that surfactant-free emulsion polymerization of NIPAAm and 
N-acryloxysuccinimide (NAS) yielded magnetothermally responsive core–shell latex 
particles that could be used in in vivo applications [ 85 ]. Inclusion of thermorespon-
sive NIPAAm within the latex particle resulted in fl occulation that could be inducing 
thermally [ 85 ]. Additionally,    this behavior, via the covalent bonding of NAS’s reac-
tive ester groups, could be utilized so as to immobilize chymotrypsin [ 85 ]. 

 The remote-controlled release of multiple pulsatile drugs along with varying 
“ON/OFF” magnetic  fi eld   oscillation periods was developed from the integration of 
super magnetic iron oxide nanoparticle (SPIONs) and PNIPAAm thermosensitive 
hydrogels that exhibited both “ON/OFF” and remote-controlled drug release func-
tionality [ 86 ]. Chitosan-based polymeric coatings were applied to magnetic 
nanoparticles loaded with drugs (LCST 38 °C) and showed accelerated release over 
a period of multiple hours when in an environment above the polymer’s LCST [ 87 ]. 
This newly discovered nanodelivery system is distinguished by the following identi-
fi ers: a core comprised of functionalized black iron oxide (Fe 3 O 4 ); drug-core conju-
gation occurs via an  “acid-labile hydrazone bond” ; and a thermally responsive 
polymer (chitosan- g -poly(NIPAAm- co -DMAAm)) was used for encapsulation 
[ 87 ]. The polymer used for encapsulation allows for the “ON/OFF” triggering of 
drug release due to its LCST (38 °C). At conditions below the LCST, slow release 
of drug was observed and accelerated when conditions exceeded the LCST [ 87 ]. 
The profi le exhibited an initial burst of release which then tapered off into a more 
controlled state with this stability exaggerated when exposed to a pH value of 5.3 
(i.e., slightly acidic environment). It was concluded that when the thermally 
 responsive polymer’s structure collapses and the  “acid-labile hydrazone bond”  
cleaves, the release of the system’s payload occurs [ 87 ]. 

 One of the main points of contention in using MNPs as  ac  magnetic fi eld (AMF) 
heat inductors in vivo is the possibility of irreversible healthy tissue damage due to  the 
  heat generation caused by magnetic fi eld exposure [ 88 ]. There are two potential solu-
tions to this problem, the fi rst being in vivo   thermal monitoring via thermometry, 
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which is invasive [ 88 ]. The second is to utilize the MNP’s reliance upon thermal con-
ditions; specifi cally, choosing materials possessing Curie temperatures that can mimic 
physiological conditions (i.e., lanthanum strontium manganese oxide MNPs) [ 89 ]. 

 Nanoparticles that are sensitive to fl uctuations in pH are typically synthesized with 
components capable of responding to changes in pH  with   physicochemical alterations 
(i.e., swelling, hydrolysis, charge conversion, etc.). Several functional groups can 
potentially be incorporated into the structural components that make up pH-respon-
sive systems such as but not limited to carboxyl [ 90 ], amine [ 91 ], and Schiff base [ 92 ]. 

 The release profi les  of   iron oxide nanoparticles with a grafted pH-responsive 
polymer shell loaded with cancer-treating drugs were observed and plotted for its 
relationship with pH [ 90 ]. PMAA present within this shell allowed for neutral pH 
loading while enhancing delivery at a lower pH environment (sub 5.5) with the 
protonated carboxylate groups of PMAA [ 90 ]. 

 While literature provides ample information  on   dual stimuli-responsive nano-
spheres used as drug delivery systems, there is little data available on microspheres 
that exhibit ternary stimuli-responsive behavior. A study has been undertaken 
recently on multisensitive PNIPAAm- co -PAA-Fe 3 O 4  hydrogel nanospheres intended 
for site-specifi c drug delivery, in this case DOX. The researchers analyzed the 
DOX- loaded and unloaded magnetic hydrogel nanospheres’ physiochemical prop-
erties of nanosphere including size, morphology, magnetism, and release profi le 
[ 93 ]. On the other hand, magnetic nanodevices based on PNIPAAm- co -PAA were 
prepared and used for delivery of daunorubicin (DNR). This multiresponsive sys-
tem was able to respond to temperature, pH, as well as magnetic stimulus [ 94 ]. 
Figure  1.5  is a schematic representation showing the synthesis procedure for the 
said magnetic nanodevice based on PNIPAAm- co -PAA [ 94 ]. It was concluded that 

  Fig. 1.5    Schematic illustration of the synthesis procedure for the preparation of magnetic nano-
containers (Reprinted with permission from [ 94 ], Copyright John Wiley & Sons)       
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the nanocontainers loaded with DNR showed comparable  “antitumor effect”  to that 
of the free drugs. These observations can potentially provide crucial information for 
the delivery of the drug, as well as the release systems [ 94 ].

1.5        Stimuli-Responsive Mesoporous Silica 

 Among all of the different highly dispersed and porous material varieties available, 
those that are considered ordered mesoporous were defi ned by IUPAC as uniform 
with adjustable pore sizes (2–50 nm). Specifi cally, mesoporous silica (MS) produc-
tion generally occurs in the presence of a specifi c organic template, such as one that 
is a surfactant type. The template acts as a directing agent, encouraging inorganic 
structure growth only on its sides. A  “soft template” , such as a surfactant or block 
polymer (i.e., amphiphilic molecules), is the most common foundation used when 
synthesizing ordered MS structures [ 95 ]. 

 SBA15, HMS, MCM-41, TUD-1, HMM-33, and FSM-16 are some of the well- 
 known   classifi cations of MS materials. With advances in production come newly 
viable applications, this case being uses in sensors and separations [ 96 ], catalysis 
[ 97 ], novel functional materials [ 98 ], selective adsorption [ 99 ], guest molecular 
hosts [ 100 ], and a newly proposed application as drug adsorber [ 101 ]. MS materi-
als, defi ned by their excellent chemical/thermal stability, morphology control, and 
surface functionalization, may prove to be suitable candidates in notable biological 
applications including sequestration, controlled pharmaceutical active agent’s deliv-
ery, drug delivery, and imaging [ 102 ,  103 ]. 

 Owing to their potential for revolutionary innovation  within   nanomedicine, mes-
oporous silica nanoparticles (MSNPs) are currently under the spotlight of many 
eager researchers. The voids in the mesopores of the nanoparticles can be loaded 
with large quantities of deliverable material which can be secured with different 
nanogates; uncapping the entrances to the pores, thus releasing the payload, is 
accomplished via a wide array of external or internal stimuli. 

 Customizable and advanced smart nanosystems that address the user’s unique 
needs, can be made through the combination of MSNPs and magnetic nanoparticles 
(MNPs), retaining the desirable properties, multiple functionality, and diverse appli-
cability of both [ 104 ]. Hurdles that must be overcome so as to deliver systems that 
possess the best possible combination of MSNPs, MNPs, and stimuli-responsive 
nanosystems required by the end user are described herein. 

 By planting internally or externally stimulated nanogates at pore entrances, 
MSNPs can be potentially converted into advanced smart carrier systems loaded 
with drugs and mitigate the chance of premature or undesirable release.  The   nano-
gates or  “gatekeepers”  can release their payload in reaction to a specifi c stimuli or 
a combination of multiple stimuli (dual or multiresponsive); examples of external 
stimuli include temperature, pH, and oxidation potential while internal stimuli 
examples include ultraviolet light or a magnetic fi eld. A good example of such 
systems is that of protein‐gated carbohydrate‐functionalized MSNPs [ 105 ]. 
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Comprehensive reviews of the utilization of MSNPs in designing nanodevices to be 
used in smart delivery have been reported [ 106 ]. Figure  1.6  is an illustrative image 
describing MSNP as a smart carrier system loaded with drug-containing gatekeep-
ers capable of realizing in response to stimulus.

   Currently, cancer patients  undergo   chemotherapy as a treatment option which, 
while effective, is unable to differentiate between tissue type (affected vs non), ulti-
mately causing extreme cytotoxicity along with other adverse consequences. As 
such, smart  “zero release”  drug delivery nanosystems could carry their payload 
directly to a designated site, for instance, a tumor. In order to carry out this directive, 
the MSNPs that are to be utilized in this endeavor must have multipurpose function-
ality along with an easily modifi able external surface for use of targeting agents like 
antibodies or peptides. Furthermore, these particles can also be given  “stealth”  
capabilities through the integration of biopolymers (i.e., polyethylene glycol) to the 
particles’ surface, thus reducing opsonization [ 107 ]. In addition to their use as drug 
delivery vehicles, nanosystems may also fi nd utility as a bioimaging indication in 
conjunction with fl orescent dyes or MRI complexes [ 108 ,  109 ]. 

 These drug carrier devices can be designed to be site-explicit,  “zero release” , 
and stimuli-responsive, thereby alleviating many of  these   ill effects. MS-based car-
rier devices were developed to react to two specifi c types of stimuli: exogenous 
which includes examples like exposure to light or a magnetic fi eld; and endogenous 
with examples including pH and enzyme presence [ 106 ]. 

 MSNPs are able to deliver their payloads in response to an internal stimulus, in 
this case temperature, by  the   surface attachment through a thermally sensitive poly-
mer, such as PNIPAAm. A thermosensitive drug delivery system was designed with 
mesostructured cellular foam (MCF) encasing PNIPAAm by ATRP and was 
 evaluated with an appropriate control drug (ibuprofen) [ 110 ]. Its design was such 
that is incorporated three desirable characteristics into one system: a black iron 
oxide MNP core, a thermally responsive shell composed of P(NIPAM- co -NHMA), 
and an MS layer between the other two [ 110 ]. Both the thermally responsive ibupro-
fen release and the VPTT were infl uenced by the presence of the comonomer with 
hydrophilic properties [ 110 ]. Octadecyltrimethoxysilane-functionalized thermore-
sponsive MSNPs were loaded with fl uorescent model drug [ 111 ]. In this system, the 
MSNP is surrounded by a hydrophobic layer formed by alkyl-paraffi n interactions 
and release is accomplished by melting of the paraffi n with a thermally appropriate/
desirable profi le [ 111 ]. 

  Fig. 1.6    Illustrative image 
representing gatekeepers in 
mesoporous silica       
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 Early attempts in the creation of effective pH-responsive gated MS particles 
released their loaded drugs when the surface anchor ligand  experienced   macromo-
lecular dissociation. Design of a therapeutic delivery carrier, sensitive to changes in 
pH and comprised of MSN that were coated with chitosan, was undertaken by 
researchers [ 112 ]. The MSNs’ surface phosphonate moieties allowed for phos-
phoramidate covalent bonding with the cationic amino groups of the chitosan, thus 
effectively coating the system [ 112 ]. A drug release profi le was obtained for ibupro-
fen by altering the pH of the environment (4.0–7.4) so as to induce the pH respon-
siveness displayed by chitosan’s cationic shell structure [ 112 ]. When exposed to 
elevated pH conditions (7.4), ibuprofen was contained within the structure as the 
change to a gel-like structure of the chitosan prevented its release. At pH < 6.3, chi-
tosan’s amino moieties become protonated, thus allowing for release of its payload. 
It was concluded that the effective drug delivery systems can potentially be created 
from pH-sensitive MSNs coated with chitosan [ 112 ]. Other examples include the 
calcein-loaded PEI-modifi ed MSNPs were blocked with cyclodextrin [ 113 ]. 

 Systems that act in response to more than one stimuli (independently or synergis-
tically) are defi ned as multiresponsive-controlled or dual-controlled delivery sys-
tems.  A   controllable drug delivery system based upon a dual-responsive (pH, 
thermal) composite structure was synthesized that composed of the following parts: 
a MSN core capable of holding the desired payload, a shell of copolymer–lipid 
bilayer composed of phospholipids (soy phosphatidylcholine, SPC) that are natural, 
and poly(NIPAAM- co -octadecyl acrylate) copolymer, which acts as a gate shell that 
is dual responding to stimuli [ 114 ]. As such, the structure’s MSN core enables the 
user to load a large quantity of drug while providing a stable, sustained release 
period for the patient; the copolymer–lipid bilayer could additionally allow for cus-
tomizable release functionality (i.e., pH or thermal responsiveness) [ 115 ]. 

 By varying the pH and anion content of the release medium, pH-sensitive and 
anion-controllable gatekeepers by affi xing polyamines to the MSNP surface were 
synthesized, resulting in the controlled (Ru(bipy) 3  2+ ) dye release from a mesoporous 
matrix [ 115 ]. Thermo-/pH-coupling-sensitive core–shell MSNPs are among the lat-
est, where the outer shell consisted of cross-linked poly(NIPAAm- co -MAA) poly-
mer and possessed a magnetic MSNP core [ 116 ]. The system exhibited 
thermo-/   pH-responsive controlled drug release behavior when subjected to changes 
in the VPTT; small amounts of drug were released at sub-VPTT conditions and 
increased above said value.  

1.6     Stimuli-Responsive Gold Nanoparticles 

 With low toxicity,    customizable surface properties, excellent chemical stability, and 
possessing optical features dictated by size and shape, a large amount of focus has 
been placed on  gold nanoparticles (GNPs)   and their potential contributions to the 
biomedical fi eld [ 117 ]. However, prior to use in clinical trials, GNPs must undergo 
surface modifi cation so as to stabilize their properties within serums and colloidal 

1 Smart Stimuli-Responsive Nano-sized Hosts for Drug Delivery



18

systems. Chemical or physical means that have been employed as GNPs stabilizers 
for use in stimuli-responsive macromolecules in the following applications: photo-
therapy, light-activated drug release systems, and photoacoustic imaging agents 
[ 118 ,  119 ]. 

 Specifi cally, the thermal responsiveness of the macromolecules that are 
N-vinylcaprolactam (NVCL)-based [ 120 ] and NIPAAm-based [ 121 ], along with 
their LCST value in an aqueous solution, has garnered much attention from the 
research community. The environmental conditions dictate the interaction between 
water and the macromolecules. Water is considered as an excellent solvent (at sub- 
LCST) for coiled chains that are hydrated. When above the LCST, the opposite is 
true, with water acting as a poor solvent with the chains dehydrating and are globu-
lar in form.    Tumor treatment could potentially benefi t from the use of GNPs with a 
thermally responsive coating since the diseased environment observed increased 
temperature with higher blood fl ow to the peripheral region, allowing for the imple-
mentation of carrier systems which are thermoresponsive and deliver their payload 
only to the desired area [ 117 ]. Furthermore, due to the thermosensitive-coated 
GNPs’ nanodimensions, improved site specifi city and release effi cacy of the drug 
can be accomplished through accumulation alone [ 117 ]. Successful nanoparticle 
fabrication while in the company of stabilizers can be completed through in situ 
preparation, yielding innovative hybrid nanoparticles from the selective molecular 
bonding on the particle’s surface [ 119 ]. 

  Incorporating   macromolecules having biocompatible properties with nanoparti-
cles that are inorganic may increase the likelihood of use in the biomedical fi eld due 
to their preferable structural integrity. Carrying out the in situ methodology, prepa-
ration of Au-PVOH- b -PNVCL nanoparticles was completed with the assistance of 
the stabilizer poly(vinyl alcohol)- b -poly(N-vinylcaprolactam) (PVOH- b -PNVCL), 
a thermally responsive copolymer that was synthesized per the  “cobalt-mediated 
radical polymerization (CMRP)”  strategy [ 122 ]. The model drug chosen for the 
release study conducted at varying temperatures was nadolol, a β-blocker (hydro-
philic, nonselective) used in the patients that exhibit pain in the chest area as well as 
those with high blood pressure [ 122 ]. Figure  1.7  shows the synthesis of gold@
PVOH-b-PNVCL NPs as well as different conformations of both PVOH (black) and 
PNVCL (red) segments [ 122 ].

   Research has already established that production via postmodifi cation or physi-
sorption for stabilized GNPs is possible. However, more recently, the “graft-from” 
and “graft-to” methods have also proven to be successful [ 123 ]. The “graft-from”    
technique is described as the GNPs experiencing chain initiation which is then 
anchored to active surface sites, proving desirable as both the molecular weight and 
distribution can be controlled through such methodology [ 123 ]. The “graft-to” tech-
nique can then be described as the stabilization of GNPs via the addition of gate-
keepers; examples of this during the production of GNPs are the incorporation of 
thiol group used as end caps and the stabilization of disulfi de-containing polymers 
instead of the more typical addition of alkanethiol ligands approach [ 124 ]. 

 Development of GNPs/ polymersome   formulations were investigated as hydro-
philic, multimodal therapeutic carrier vehicles with innovation stemming from prior 
success seen through the integration of GNPs with polymer vesicles that were both 
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biocompatible and responded to changes in pH [ 125 ]. Poly(ε-caprolactone)- b - 
poly(ethylene oxide)- b -poly(2-vinylpyridine)- b -poly(ethylene oxide)-b-poly(ε- 
caprolactone), an amphiphilic pentablock terpolymer (PCL-PEO-P2VP-PEO-PCL), 
was chosen to synthesize the polymer vesicles, as it has a P2VP/PCL membrane that 
responds to changes in pH while maintaining biodegradability with PEO looping 
chains (both neutral and hydrophilic) surrounding it [ 126 ]. The introduction of cat-
ionic groups was accomplished by the partial quaternization of the P2VP block 
[ 125 ]. Release studies were performed in a couple of different pH-simulated envi-
ronments (physiological = 7.4, tumor = 5.5) for the vesicles’ hydrophilic aqueous 
lumen encapsulating the GNPs hydrophobic molecule carrier systems (dispersible 
in water) [ 125 ]. Possessing an easily modifi able LCST (32–50 °C) with thermally 
sensitive properties, poly(NIPAAm- co -AAm) was applied as a coating to gold 
nanocages (Au NCs); as a whole, the system was effective in treating breast cancer 
cells through the NIR-induced DOX release [ 126 ].  

1.7     Conclusion 

 Highlighted within this chapter are the principles driving intelligent and stimuli- 
responsive nanocarriers’ usage in targeted and triggered treatment of patients. A 
considerable amount of advancement has taken place in bionanotechnology and 
nanoscale drug delivery systems has, in the not-so-distant past, aided in the 

  Fig. 1.7    Schematic illustration synthesis of gold@PVOH-b-PNVCL NPs and different conforma-
tions of both PVOH ( black ) and PNVCL ( red ) segments (Reprinted with permission from [ 122 ], 
Copyright the Royal Society of Chemistry)       
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progression of these vehicles for therapeutic delivery. Implementation of these pio-
neering devices creates a pathway from therapeutic need to distribution, emphasizing 
the focus be placed on the emerging fi eld of smart drug delivery applications. 
Research has shown that smart materials can adapt their architecture and functional-
ity as a reactionary measure to environmental cues, thus melding into the delivery 
systems themselves. These centric systems allow for high biocompatibility, increased 
half- life, and increased area specifi city and can potentially overcome membrane bar-
riers. pH and temperature prompts were studied extensively and employed as crucial 
signals for the therapeutic delivery, the key limitation being the slow response time to 
the cue from the device itself. Although smart polymeric drug delivery systems could 
potentially be utilized in many applications and show future promise, with a number 
of potential opportunities, however, there are several challenges facing this fi eld.  

1.8     Future Outlook 

 New nanofabrication technologies have allowed for the precise control (shape and 
size) of the nanocarrier delivery system. Their design can be such that they are sen-
sitive to exogenous or endogenous stimuli, representing a viable alternative to site- 
specifi c delivery. The multitude of stimuli able to trigger the discharge of a drug at 
the correct place and time, and the diversity of responsive materials and structures 
capable of being assembled in vast arrays of confi gurations, provides for fl exible 
design of systems that are sensitive to these cues. However, although several in vitro  
 trials were documented, a limited number of systems have been studied in in vivo 
preclinical models, and even fewer (i.e., thermoresponsive liposomes and iron oxide 
nanoparticles) have attained clinical evaluation. For most of these systems, their 
complex structure and obstacles found in production scale-up are likely to hinder 
their transition from the bench to the bedside. From a compositional viewpoint, the 
devices’ delivery mechanism performs as desired in in vitro studies but fails in 
in vivo trials. By this logic, a simple, straightforward, effi cient, and decently precise 
preparation with broadly applicable strategies must be found in order to widely 
distribute these intelligent systems. The next generation of intelligent nanocarrier- 
based therapeutic delivery systems must also enhance the effi ciency and mitigate 
the undesirable side effects. Sensitivity to discrete variations of redox potential, 
temperature, or pH is not easily achievable, and problems concerning the externally 
applied stimulus’ penetration depth would eventually need to be rectifi ed. Identifying 
which stimuli-responsive nanosystems are most likely to succeed is challenging; 
typically, the least complicated system has the better chance of reaching the clinical 
trial phase. Scientists are focusing on expanding systems that are capable of detect-
ing disparities in the physicochemistry or biology between targeted and non- targeted 
areas. Future breakthroughs using these types of carriers are expected to mainly be 
focused toward those systems that are clinically acceptable and capable of being 
sensitive to those discrete variations in particular stimuli.     
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    Abstract     Coatings are an important topic within the scientifi c community, spanning 
from the ancient to the modern world. Coatings are not only used for decorative 
purposes but also for functionality, for example, coatings that are resistant to the 
effects of weathering (i.e., rain, UV light, etc.). Up until present, several coating 
materials were developed using various types of natural and synthetic materials. 
The scientifi c improvements of the modern era have made it easy to create novel 
coating formulations by mimicking ancient pathways. Recently nonstick, self- 
cleaning, self-healing, and stimuli-responsive surfaces have attracted special inter-
est in the formulation of smart coating materials. Several attempts were made to 
synthesize and develop highly effi cient smart polymeric coatings from the practical 
point of view due to the increasing need for smart coatings in modern technologies 
and industrial applications. Stimuli-responsive smart coatings are also very useful 
in extending the life of fi nal products, which is also a reason to develop a variety of 
new coating formulations for industrial purpose. On the other hand, the synthesis of 
stimuli-responsive smart coatings and maintaining the stability of the coated sur-
faces under major environmental changes were quite diffi cult, which necessitated 
careful selection and synthesis of the coating materials. The applicability of stable 
stimuli-responsive smart polymeric coating can be extended into various industrial 
and commercial applications. This chapter covers the stimuli responsiveness of 
smart polymeric coatings in various applications and their future outlooks within 
the coating industry as well as present practical applications and necessities of the 
stimuli-responsive smart polymeric coatings for other industrial applications.  
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2.1       Introduction 

 Polymeric materials have widespread applications due to their versatile characteris-
tics, cost effectiveness, and ease of availability. Surface interactions of polymer 
substrates are an essential area of study in many fi elds such as medical, military, 
textile, transport, construction, electronics, and other industries for protection 
against corrosion and abrasion, as well as other surface protection purposes. For all 
applications, the surface characteristics of polymeric materials play a key role in 
determining its utility and reliability. For example, in biomedical applications, the 
biocompatibility and bodily response to foreign material depended on the surface 
characteristics of the polymeric materials. In addition, surface science is an integral 
part of the formulation, manufacturing, and ultimate application of coatings. Until 
now several coating materials were developed by using various types of natural and 
synthetic materials. The scientifi c improvements of modern society have made it 
easy to create novel coating formulations by mimicking ancient pathways. 

2.1.1     Smart Polymeric Coatings 

 Recently, nonstick, self-cleaning, self-healing, and stimuli-responsive surfaces have 
attracted special interest in the formulation of smart coating materials [ 1 – 5 ]. Several 
attempts were made to synthesize and develop highly effi cient smart polymeric coat-
ings from a practical point of view due to the increasing need for smart coatings in 
modern technologies and industrial applications. Life extension of the fi nal products 
is also a reason to develop a variety of new coating formulations for industrial pur-
poses. On the other hand, the synthesis of stimuli-responsive smart coatings and 
maintaining the stability of the coated surfaces under  major   environmental changes 
were quite diffi cult, which necessitated careful selection and synthesis of the coating 
materials. Designing functional materials with smart coating allows for the usual 
functions of coatings, such as protection and decoration, as well as provides the 
functionality that environmental stimulus-based coatings offer. Smart coatings are 
designed to remain passive unless prompted to perform a stimuli-based function and 
are able to repeat the process over and over, up to thousands of cycles or more, span-
ning over several years. The surface modifi cations of stimuli-responsive polymers 
are sensitive to magnetic properties, pH, light, and temperature [ 6 – 10 ]. The surface 
property is directly dependent on the nature of the polymers, grafting density, and 
surface roughness [ 11 ]. The polymeric materials can be easily functionalized on the 
surfaces using post-  or   prepolymerization methods. However, these surfaces pro-
duced with the polymers via spin coating or layer-by-layer (LbL) methods are sensi-
tive, and the coated polymers can be removed easily by a simple chemical or physical 
change of their environment. In this case, however, the generation of a regular 
micro-order roughness on a fl at surface is diffi cult because of their fl exible and 
sprawled properties. It is necessary to produce materials with good surface proper-
ties such as surface roughness in order to enhance the properties of the material.  
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2.1.2     Stimuli-Responsive Smart Polymers 

 The most unique characteristic property of smart polymers is their ability to show 
reversible changes from hydrophilicity  to   hydrophobicity because of swelling and 
shrinkage of polymeric chains in the presence of external stimuli [ 5 ]. It is possible 
to construct materials with responsive properties by incorporating some stimuli- 
responsive polymers into the backbone of the materials. These responsive polymers 
possess the ability to swell, shrink, bend, or even degrade in response to a signal. 
They reversibly swell and shrink with small changes in environmental conditions. 
The most common environmental factors that cause an abrupt volume changes in 
such smart polymeric materials are pH, temperature, electric fi eld, light, atmo-
sphere, and solvent exposure. Table  2.1  summarizes some examples of smart poly-
mers and their responsive properties for various applications.

   Table 2.1    Stimuli-responsive smart polymers and their applications   

 Smart polymer  Properties  Applications  Ref. 

 Poly(N-isopropylacrylamide) 
(PNIPAM) 

 pH and temperature 
responsive, 
hydrophilicity to 
hydrophobicity 

 Drug delivery  [ 10 ] 

 Cross-linked polyurethane network  Atmosphere 
responsive 

 Self-healing 
coatings 

 [ 12 ] 

 Poly(methyl methacrylate) (PMMA)/
silica composite 

 Highly durable, 
enhanced moduli, 
scratch resistance 

 Scratch resistance 
coatings 

 [ 13 ] 

 Poly(styrene) (PS)/
polydimethylsiloxane (PDMS) 

 Solvent responsive  Photonic paper  [ 14 ] 

 PS-block-PMMA copolymer  Antirefl ection  Broadband 
and solar cells 

 [ 15 ] 

 PS-block-poly(4-vinylpyridine) 
(P4VP) 

 Solvent responsive, 
antirefl ection 

 Antirefl ective 
coatings 

 [ 16 ] 

 Polyimide (PI)/inorganic hybrid  Light responsive  Aerospace and 
antirefl ective 
coatings 

 [ 17 – 19 ] 

 Poly(3-cyanomethyl-1- 
vinylimidazolium) 
bis(trifl uoromethanesulfonyl)imide 

 Porous polymer, 
solvent responsive 

 Actuators  [ 20 ] 

 Poly(acrylic acid) (PAA)  pH responsive  Drug delivery 
and medical devices 

 [ 21 ,  22 ] 

 Poly(2-(diethylamino)ethyl 
methacrylate) (PDMAEMA) 

 pH and temperature 
responsive 

 Drug and gene 
delivery 

 [ 23 ,  24 ] 

 Poly(N-vinylcaprolactam) (PNVCL)  pH and temperature 
responsive 

 Drug delivery  [ 25 ] 

 Poly(vinylpyridine)  pH-sensitive barrier  Controlled drug 
delivery 

 [ 26 ] 

 Poly(ethyleneimine)  pH responsive  Drug and gene 
delivery 

 [ 27 ] 

 Covalently grafted fl uorinated polymer 
on end PEG polymer 

 Solvent responsive, 
self-cleaning and 
antifogging 

 Oil-repellant 
antifog coating 

 [ 28 ] 
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2.2         Applications of Smart Coatings 

  The   applications of smart polymeric coatings are not limited to a particular fi eld due 
to the switchable property of the polymeric materials. Smart polymers are used 
widely in several applications such as in the following examples: fabrication of 
transparent substrate; nonstick, self-cleaning, and self-healing coatings in anti-stain 
and scratch-resistant coatings; antirefl ective and anticorrosion coatings; electronic 
displays and actuators; smart textiles; biomedical applications such as drug and 
gene delivery, cancer therapy, and dental and medical devices; and other potential 
applications such as environmental applications, automobiles and aerospace, and 
houseware appliances (Fig.  2.1 ) [ 1 – 5 ]. A desirable property of these polymeric 
coatings is their ability to switch the surface property of the material under external 
stimuli and form stable bonding with the substrate. Moreover, the smart polymeric 
coatings also have excellent thermal stability and durability.

2.2.1       Smart Nonstick and Self-Cleaning Coatings 

 Nonstick- and self-cleaning-based surface  coatings   are potentially useful in several 
application areas due to the resistance capacity of the coating substrate against 
water and dust particles. The continuous development and growth of chemical and 

  Fig. 2.1    Schematic representation for the smart polymeric coatings in various applications       
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various other industries may lead to the creation of various types of environmental 
pollution. In particular, dust pollutants create severe health effects to humans and 
other mammalians. Dust pollution is considered to be hazardous; dust particles are 
inhaled via the nose, mouth, or particles transported by the hand to other bodily 
areas. An exceeding level of dust particles in our body can create problems such as 
breathing diffi culty, vomiting, diarrhea, and other similar diseases. Various com-
mercial products such as protective gloves, masks, and eyeglasses can be used to 
protect one’s health from severe environmental pollutants caused by dust particles. 
On the other hand, dust particles on the range of nano- or micro-sizes are diffi cult to 
identify through the naked eye alone. There are several means available for the 
uptake of these dust particles into human bodies, many through substances used in 
daily life. This is due to the easy adhesion of the dust particles on the hydrophilic 
surface of these substrates, and their complete removal of those accumulated dust 
particles from the substrate surfaces is diffi cult. To overcome this problem, super-
hydrophobic coating substrates have recently attracted considerable attention in 
self-cleaning coating applications [ 1 ] because of the nonstick and the easy dust 
removable properties of the superhydrophobic coating substrates. Superhydrophobic 
surfaces with stimuli-responsive properties are also attractive, owing to their excel-
lent applicability in several industrial applications. In addition, these stimuli- 
responsive surfaces are also used for several other applications due to the 
responsiveness of the substrates under physicochemical as well as other environ-
mental conditions such as UV, laser, plasma lights, pH, solvent, and temperature. 

 Superhydrophobic and self- cleaning   coatings are considered to be promising 
candidates for protecting our health from dust pollution because of the easy removal 
of dust particles from the substrate. In most cases, the dust particles are easily 
removed from the superhydrophobic substrate by gravitational force with the help 
of water droplets. The surfaces with contact angle (CA) over 150° are termed as 
superhydrophobic surfaces [ 1 ,  2 ]. On the other hand, the surfaces with CA below 
10°, 10–90°, and 90–150° are termed as superhydrophilic, hydrophilic, and hydro-
phobic surfaces, respectively. Superhydrophobic surfaces are generally mimicked 
from natural surfaces such as lotus leaves, rice leaves, butterfl y wings, and water 
striders [ 29 ].These natural surfaces have dual micro-nanohierarchical surfaces 
which repel water droplets on the surface. Inspired by nature, several researchers 
mimicked the dual surface properties that have been previously described. 
Superhydrophobic properties can be developed in various substrates by simple tech-
niques such as dip coating, spraying, and lay-up techniques. The superhydrophobic 
material-coated textile substrates can be used as a protective mask, easily cleaned 
by simple washing. Recently, a novel superhydrophobic hybrid micro- nanocomposite 
suspension using leaf powder, polymethylsiloxane, and alkyl-substituted silica 
ormosil aerogels was developed [ 1 ]. The suspension possessed superhydrophobic 
properties via the coating on various substrates followed by evaporation of the sol-
vents at room temperature (Fig.  2.2 ) [ 1 ].

   The superhydrophobic surface also showed excellent nonstick and self-cleaning 
properties on various substrates. The superhydrophobic surface can easily remove 
the dust particles deposited on the coated substrate surface by simply dripping water 
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droplets on the substrate surface. Owing to the excellent nonstick property of the 
superhydrophobic surface, water droplets are repelled on the substrate surface, 
where dust particles are collected, and then roll away by gravitation force. Moreover, 
the hybrid superhydrophobic surface also showed stimuli responsiveness to some 
low-density oils (e.g., dodecane). The superhydrophobic surface is wetted com-
pletely by the contact of dodecane droplet and reforms its original properties after 
evaporation. This switchable property may be useful in capturing volatile organic 
compounds (VOCs). Several researchers focused on this surface property due to its 
excellent applicability of the prepared  materials   for various applications. In most 
cases, nonstick and self-cleaning properties are considered to be the primary require-
ment for various industrial products. This coating is very useful in electronic gad-
gets; mirrors and wall construction; automobiles; as well as the aerospace, textile, 
and biomedical industries.  

  Fig. 2.2    Instant superhydrophobic properties of the hybrids on various substrates, such as ( a ) 
glass, ( b ) fl exible laminating fi lm, ( c ) tree leaf, and ( d ) glove. ( e  and  f ) Glove immersed in water 
before and after casting (attraction and refl ection of uncasted and casted fi nger in water). ( g ) 
Stainless steel plate, ( h ) paper, ( i ) cotton cloth, ( j ) cement fl oor, ( k ) wooden board, ( l ) cherry 
tomato, and ( m ) fi ber glass mesh (pore diameter, 1.5 mm). ( n ) Superhydrophobicity of the dip- 
coated hybrid/PDMS sponge dried at room temperature. ( o  and  p ) Superoleophilicity of the hybrid 
casted glass substrate for dodecane and soybean oil (Reproduced from Ha et al. [ 1 ])       
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2.2.2     Smart Anti-stain and Scratch Resistance Coatings 

 Self-healable and  responsive   materials have been considered for use as smart sur-
face coatings. This is due to the self-healing property of the materials when exposed 
to external stress, pressure, and mechanical abrasions. In most cases, scratches cre-
ated by external stress reduced the lifetime of the product. The durability of the fi nal 
product under stress is considered to be an important parameter for industrial appli-
cations. It was quite diffi cult to achieve scratch-resistant products until the introduc-
tion of self-healable materials. Self-healable materials have the ability to reform its 
original shape and structure by adjusting and reforming the broken chemical chains, 
thus proving useful in industrial products. The scratch-free products with anti-stain 
properties along with the ability to switch surface properties under external stimuli 
are all considered to be important parameters in industrial applications. This dura-
ble surface property has the ability to resist stains such as fi ngerprints and some 
viscous liquids (i.e., coffee stains). Fingerprinting on a substrate reduces product 
visibility and could be solved through surface treatment with anti-stain coatings. 
Self-healable materials with very high transparency could also solve this problem. 
The durability or stability of the coated materials is practically important. Materials 
with good transparency, durability under external stress, and self-healing behavior 
are the most promising for industrial applications. Recently, supramolecular poly-
mers and some other polymer hybrid nanocomposites showed high durability prop-
erty and were able to self-repair the scratched areas by sunlight or other stimuli. 

 Yang and Urban [ 12 ] studied these properties more deeply using various stimuli- 
responsive polymers and supramolecular polymers. They found highly durable and 
scratch-resistant coating materials from polyurethane networks containing a cross- 
linked sugar moiety (Fig.  2.3 ) [ 12 ]. The polymer showed a self-repairing property 
on the scratched substrate when exposed to atmospheric carbon dioxide (CO 2 ) and 
water. Sugar moieties in the cross-linked PU network played a vital role reacting 
with CO 2  and water in the self-repairing mechanism [ 12 ]. The broken chains were 
reformed through strong covalent bonding. The mechanical properties of the poly-
mer networks were regained during this stage. This simple approach played a vital 
role for self-repairing and scratch-free substrate preparation. Moreover, the material 
did not require any additional process initiating the self-repairing mechanism, 
allowing for the wider usage of the smart polymer for various applications.

   Van Vliet et al. [ 13 ] also developed  highly   durable, enhanced moduli, and scratch 
resistance coatings using polymethyl methacrylate (PMMA)/silica-based 
 nanocomposites. The brittle nature of PMMA can be mechanically tailored using 
functional silica nanoparticles which can help to enhance mechanical strength and 
durability. Based on these approaches, the authors used two different functionalized 
silica nanoparticles with methyl and amino functional groups that were mechani-
cally embedded on the PMMA fi lms and heated the surface up to the glass transition 
( T g) temperature of the polymer. This way, the mechanical and scratch resistance 
properties of the PMMA/silica hybrid fi lms were improved signifi cantly in com-
parison with the pristine PMMA fi lm. These approaches are practically reliable in 

2 Stimuli-Responsive Smart Polymeric Coatings: An Overview



  Fig. 2.3    ( a ) Reactions of isocyanate (NCO) groups of HDI and OH of PEG in the presence of H 2 O 
generate CO 2  during PUR formation; ( b ) Reactions of NCO groups of HDI and OH of PEG and MPG in 
the presence of H 2 O result in MGP-PUR network formation. Each network linkage and/or component is 
identifi ed as follows:  PUA  polyurea,  HDI  hexamethylene diisocyanate trimmer,  PUR  polyurethane,  PEG  
polyethylene glycol,  MGP  methyl-a-D-glucopyranoside. Self-repair of MGP- PUR network exposed to 
( c ) air at 258 °C; ( d ) self-repair of MGP-PUR network exposed to the CO 2 /H 2 O mixture; ( e ) self-repair 
is not observed for PUR itself exposed to air (Reproduced from Yang and Urban [ 12 ])       
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forming highly durable surface coatings. Several works were also carried for the 
enhancement of scratch resistance of the coating materials. Functionalized nanopar-
ticle additions, the use of low  T g-coating materials, and the use of high cross-link-
ing density (XLD) materials attracted considerable attention for the improvement of 
scratch resistance of the substrate [ 30 ]. The use of these materials in a stimuli- 
responsive polymer also exhibited the improved properties of the material.  

2.2.3     Smart Antirefl ective Polymeric Coatings 

  Antirefl ective (AR) coatings   are  an   important application in the coating industry 
when producing safe mirrors for automobiles. The refractive index of the coated 
materials is a very important parameter for antirefl ective coating applications. The 
low refractive index of the material will improve performance, and as such, research 
in said materials is ongoing, using various types of metal alkoxides by sol–gel 
method, polymers, and polymer-based hybrid materials as well as stimuli- responsive 
polymers. The SiO 2  and TiO 2  mixture-based sol compositions of the fi nal product 
could have refractive index values between 1.458 and 2.22 (for 500 nm) [ 31 ,  32 ]. 
Liu and Yeh [ 33 ] also developed sol–gel-based silica colloidal particles with lower 
refractive index. 

 Similarly, Beobide et al. [ 34 ] prepared SiO 2 / TiO 2    porous hybrid nanoparticles 
with multifunctional and self-cleaning properties.    The porous hybrid material also 
showed lower refractive index value. They compared porous hybrid materials and 
their refractive index values with dense SiO 2  and TiO 2 . The authors found that 
porous hybrid materials have a lower refractive index with multifunctional applica-
tions such as self-cleaning and photocatalytic behaviors [ 34 ]. The optimum refrac-
tive index value of a sample can vary based on the materials’ physical and chemical 
properties. The light-responsive polymers will play a key role in the antirefl ective 
coatings. This is due to the switchable properties of the polymers under light which 
can control the transmittance of the light’s wavelength. Automobiles, aerospace, 
building mirrors, light-responsive fabrics, and other fi elds require antirefl ective 
coatings. Fudouzi and Xia [ 14 ] developed a novel solvent-responsible photonic 
paper using stimuli-responsive polymer [polystyrene (PS) beads and polydimethyl-
siloxane (PDMS)] coatings on a paper substrate. The coated substrates were selec-
tively responsible for the particular solvents, emitting different colors on the 
pre-patterned commercial stamps placed on the substrate (Fig.  2.4 ). Schenning et al. 
[ 35 ] reviewed this work, placing more emphasis on the various stimuli-responsive 
polymers used for antirefl ective coating and their photonic applications. The pho-
tonic stimuli polymers are responsible for the surface property switching from 
hydrophilic to hydrophobic or hydrophobic to hydrophilic based on the  on  and  off  
mechanism of the light stimuli. Kim et al. [ 15 ] synthesized a novel PS-block- 
PMMA block copolymer that was spin coated on a glass substrate. The block copo-
lymer showed broadband antirefl ection property on the coated glass substrate. 
Increasing the layers of block copolymer fi lm on the glass substrate by spin coating 
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increased the antirefl ection property of the material which is useful for the broad-
band as well as for solar cell applications. Han et al. [ 16 ] developed an antirefl ective 
coating using a solvent-responsible stimuli porous block copolymer [PS-block- 
poly(4-vinylpyridine) (P4VP)].

   In a similar way, the photonic stimuli polymers are also responsive to solvents, 
pH, humidity, and temperature [ 15 ]. Recently polyimide (PI)-based coating materi-
als are also used for antirefl ective coating applications. The  extreme   stability, fl exi-
bility, and durability of the PI-based thin fi lm are very useful in aerospace and other 
 industrial   applications. Wang and Chen [ 17 ,  18 ] prepared highly transparent and 
photo-responsive PI/inorganic hybrid materials for antirefl ective coating applica-
tions. The materials showed good transparency and light-responsive properties with 
a low refractive index. Similarly, Yu et al. [ 19 ] also prepared PI/inorganic hybrid 
materials for antirefl ective coating applications. The PI/hybrid coating fi lm also 
showed excellent stability and allows refractive index value.  

  Fig. 2.4    ( a ,  b ) Photographs of test patterns written on photonic papers by delivering ink droplets 
to their surface using a Pilot pen. ( a ) Two  dotted letters  written with octane. ( b )  Dots  of three dif-
ferent colors written on the same colloidal crystal using silicone liquid of various molecular 
weights:  blue dot  (with T15, Mw = 3780),  green dot  (with T05, Mw = 770), and  red dot  (with T00, 
Mw = 1620). ( c ,  d ) Photographs of the test patterns formed on the surfaces of photonic papers by 
stamping with silicone fl uid (T11, Mw = 1250). ( c ) Two letters generated using a commercial rub-
ber stamp. ( d ) The number “eight” generated using a microfabricated PDMS stamp: refl ection 
image ( left ) and transmission image ( right ) (Reproduced from Fudouzi and Xia [ 14 ]).       
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2.2.4     Smart Anticorrosion Polymeric Coatings 

 Corrosion formation  on   aluminum, steel, iron, wood, and other substrates can cause 
serious damage to the substrate. Sometimes, the rupture of the substrate can cause 
accidents within the industry, creating problems for the surrounding area and people. 
Similarly, marine biofouling can also damage ships, boats, and oil refi nery substrates 
under the seawater. This biofouling can directly affect the fi shing and refi nery indus-
tries. To avoid the corrosion and biofouling, the substrate should be protected by 
coating it with the proper corrosion resistance materials. Several metal nanoparticle- 
based corrosion resistance coatings have been developed which showed improved 
performance in corrosion resistance as well as in their biofouling properties. In most 
cases, chromium (VI)-based materials were used for the corrosion resistance coat-
ing. This is due to the self-reforming property of the Cr (VI) on the corroded sub-
strate. Meanwhile, Cr (VI) is considered to be highly toxic as well as a cancer-creating 
metal ion. Thus, the use of Cr (VI) was banned from use in anticorrosion and other 
applications. As an alternative to Cr (VI), other less volatile metal ions were used in 
anticorrosion coatings. Recently, functionalized silica, hollow and mesoporous sili-
cas, and stimuli-responsive polymer coatings were used for the corrosion resistance 
and antifouling coatings (Fig.  2.5 ) [ 36 ,  37 ]. The technical advantage of using stim-
uli-responsive polymer coatings for anticorrosion is their responsiveness to acidic 
and basic conditions, temperature, and chemical exposure. The responsiveness of 
the coating substrate will protect the substrate from corrosion.

   Recently, superhydrophobic  coatings   have also been used for anticorrosion and 
antifouling applications. The advantage of the extreme water resistance properties 
of superhydrophobic coatings could help to protect surfaces from corrosion. There 
has also been additional development in stimuli-responsive superhydrophobic coat-
ings for anticorrosion and antifouling applications. Coated substrates showed excel-
lent stability, durability, and stimuli responsiveness under acidic and basic 
conditions, temperature, and chemical exposure and had better performance in anti-
corrosion and antifouling applications [ 38 ]. Based on the excellent properties of the 
stimuli-responsive superhydrophobic coatings, the applications of the coated mate-
rials can be used in various other applications. The research on their surface proper-
ties has increased in recent years using various types of stimuli-responsive smart 
polymer hybrid coatings.  

2.2.5     Smart Polymeric Coatings in Actuators 

  An   actuator is a device which is responsible for the mechanical movement of any 
object from one place to another. Actuator devices can respond to changes in sol-
vents, pH, applied electric fi elds, and humidity. Actuating devices are used widely 
in all types of industries. These devices have attracted considerable attention 
recently due to easy responsible nature of the smart polymer under some physical or 
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chemical environments. Yuan et al. [ 20 ] developed a novel multi- responsive and 
free-standing porous smart polymer actuator fi lm using cationic polyionic liquid 
(poly(3-cyanomethyl-1-vinylimidazolium) bis(trifl uoromethanesulfonyl)imide). 
The prepared fi lm showed selective responsiveness to acetone vapor, folding inside 
itself when in contact with the vapor. Meanwhile, the folded polymer fi lm returns to 
its original form after drying the acetone vapor from the fi lm surface. The self-
foldable, switchable, and free-standing properties are also emphasizing the higher 
fl exibility of the fi lm, particularly useful for industrial applications [ 20 ]. The porous 
actuator fi lm also showed similar properties for other solvents such as tetrahydrofu-
ran (THF), piperidine, and pyridine. On the other hand, the porous polymer fi lm was 
much less responsive in its adsorption behavior for dioxane, methanol, ethanol, and 
isopropanol. The excellent responsibility of the fi lm for the solvents comes from the 
solubility of polymer and interactions with other molecules in the system that trig-
gers the actuation behavior. Several works were carried out using responsive poly-
mers for actuator applications. Recently, solvent-, humidity-, optical-, thermo-, and 
magneto-responsive actuators were fabricated for the easy movement of a system 

  Fig. 2.5    ( a ) The self-healing mechanism of polymeric nanocontainer-doped epoxy organic coat-
ings on metal surfaces for corrosion protection. ( b ) Epoxy coating doped with 3 wt% 
PS-benzotriazole (BTA)/polyethyleneimine (PEI)-3 nanocontainers (the three substrates are with 
the same coatings after the same corrosion time); ( c ) commercial epoxy coating with zinc phos-
phate as inhibiting pigment (the three substrates are with the same coatings after the same corro-
sion time).  Red circles  indicate pitting corrosions (blistering) (Reproduced from Li et al. [ 36 ])       
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(Fig.  2.6 ) [ 39 – 47 ].  The   solvent- and humidity-responsive actuators are also quite 
cheap to use in industrial applications.

2.2.6        Smart Coatings in Drug and Gene Delivery and Medical 
Devices 

 Recently, signifi cant advances have been achieved in the synthesis and further mod-
ifi cation of inorganic nanoparticles for biomedical applications. Among them, mes-
oporous silica materials offer a robust framework which is suitable for modifi cation 
of various organic functional units on their surfaces. In addition, mesoporous silica 
materials possess many advantages such as high surface areas, pore volumes, ther-
mal and chemical stability, and excellent biocompatibility [ 48 ]. 

2.2.6.1     Smart Polymer-Coated Mesoporous Silica Materials for Drug 
Delivery 

  Mesoporous silica materials   provide excellent drug loading capacity due to their 
large mesopore volume and ability to load and release of drug molecules by the 
mesoporous silica nanoparticles [ 49 ]. Moreover, mesoporous silica nanocarrier is 

  Fig. 2.6    Curling actuators prepared by one-side base exposure of liquid crystalline (LC) fi lms 
( blue  area). ( a ) Ribbon with the molecular director at a −45° angle with respect to the long axis of 
the fi lm and the resulting curling behavior after activation in KOH solution, both in the wet and dry 
state. ( b ) Curling and uncurling of the +45° actuator at high and low humidity, respectively. The 
behavior of this actuator is also shown in the humidity chamber with increasing humidity 
(Reproduced from Broer et al. [ 39 ])       
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also used for controlled delivery of the drug molecules for particular applications. 
The great diversity in surface functionalization of mesoporous silica nanoparticles 
offers a unique advantage in the construction of nanogates that respond to different 
stimuli. Various types of nanoparticles, organic molecules, and biomolecules have 
been used as capping agents to block molecule transport from a silica mesopore and 
to unlock the entrance for triggered release under specifi c external stimuli [ 50 ,  51 ]. 
A combination of mesoporous silica and functional smart polymers generates a 
novel type of hybrid nanoswitch that takes advantage of the unique features of poly-
mers and porous materials. For example, mesoporous silica coated with thermosen-
sitive poly(N-isopropylacrylamide) could control the molecule release at different 
temperatures [ 10 ]. Hong et al. [ 21 ] developed a novel pH-sensitive mesoporous 
silica smart nanovalve by surface grafting onto the exterior surface by RAFT polym-
erization of acrylic acid (AA) for the biomedical application. Similarly, mesoporous 
silica surface was modifi ed by grafting or atom transfer radical polymerization 
(ATRP) by using poly(4-vinylpyridine) or poly(2-(diethylamino)ethyl methacry-
late) [ 23 ,  24 ]. Yu et al. [ 22 ] prepared PAA-grafted mesoporous silica nanoparticles 
(PAA-MSNs) by a facile graft onto strategy (i.e., the amidation between PAA 
homopolymer and amino  group   functionalized MSNs) (Fig.  2.7 ). Due to the pres-
ence of covalent graft of hydrophilic and pH-responsive PAA, the PAA-MSNs were 
well dispersed in aqueous solution, which is favorable when utilized as drug carriers 
in a pH-responsive controlled drug delivery system [ 22 ].

  Fig. 2.7    Schematic preparation process of PAA-MSN (Reproduced from Yu et al. [ 19 ])       
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   Hollow  mesoporous silica materials   were modifi ed with the long-chain 
hydrocarbon octadecyltrimethoxysilane (C18) and the fl uorescent agent rhodamine 
B isothiocyanate (RITC) on the surface of the silica. After loading with drug 
molecules, the material was encapsulated by a photodegradable amphiphilic copo-
lymer. The drug release occurred while irradiating with visible light [ 52 ]. Most 
anticancer drugs have severe adverse effects on healthy tissues while in transit to the 
tumor target [ 53 ]. Therefore, the construction of smart drug delivery systems should 
prevent the premature release of their payload when en route to the target tissues. 
This requires the combination of drug carriers and smart polymers that facilitate the 
target drug release without premature release. 

 It is important that when selecting a polymer to be used as a coating on mesopo-
rous silica drug carriers, the polymer should decompose under external stimulus 
such as pH, temperature, light, enzyme, or ionization that will facilitate the drug 
release process. Yang et al. [ 25 ] prepared  a   reductive-responsible disulfi de, namely, 
poly(N-vinylcaprolactam-s-s-methacrylic acid) cross-linked polymer-coated meso-
porous silica carrier, which provided pH/thermal stimuli-responsive drug release. 
Pan et al. [ 54 ] prepared reversibly cross-linked polymer-coated mesoporous silica 
nanoparticles via surface reversible addition–fragmentation chain transfer (RAFT) 
polymerization using the reactive monomer oligo(ethylene glycol) acrylate (OEGA) 
and the more reactive cross-linker N, N′-cystaminebismethacrylamide (CBMA). 
Owing to the reversible cleavage and restoration of disulfi de bonds via reduction/
oxidation reactions, the polymer shells can control the on/off switching of the nano-
pores and regulate the drug loading and release.  

2.2.6.2     Smart Polymer-Coated Mesoporous Silica Materials 
for Gene Delivery 

  Gene delivery   is another major application of mesoporous silica carriers besides the 
delivery of small molecules and proteins. The use of mesoporous silica for gene 
delivery has been extensively explored because their surfaces can be easily modifi ed 
with cationic molecules, allowing for not only the stable condensation with nucleo-
tides that are highly negatively charged but also protecting them from nuclease in 
physiological conditions. A signifi cant amount of progress toward the understand-
ing and utilization of mesoporous silica materials for controlled gene release has 
occurred in recent years. Mesoporous silicas have been explored in biomedical 
applications, drug delivery, and DNA delivery for gene therapy [ 49 ]. Mesoporous 
silicas contain a porous structure with hundreds of channels referred to as meso-
pores, which are able to absorb bioactive molecules. Additionally, the effi cient cel-
lular uptake of mesoporous silica particles is size dependent, with optimal uptake 
occurring at the submicron scale with potential for controlled DNA release [ 55 ]. Yu 
et al. [ 26 ] developed a novel biocompatible poly(2- dimethylaminoethyl acrylate) 
(PDMAEA)-functionalized mesoporous nanocarrier for gene delivery application. 
The designed cationic polymer unit binds to genetic molecules and undergoes a 
self-catalyzed hydrolysis in water to form a nontoxic anionic poly(acrylic acid) 
allowing the controlled release of siRNA in the cells. 
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 Nel et al. [ 27 ] prepared a polyethylenimine-coated mesoporous silica material by 
surface functionalization approaches. The resulting system enhanced cellular uptake 
and allowed for nucleic acid delivery in addition to drug delivery. Noncovalent 
attachment of polyethylenimine (PEI) polymers that functionalized on the silica 
surfaces not only increased cellular uptake of silica materials but also generated a 
cationic surface which DNA and siRNA constructs could be attached. Cho et al. [ 56 ] 
studied the effect of mesoporous silica nanoparticles (MSN) coupled with manno-
sylated polyethylenimine (MP). The modifi ed MSN has been shown to be an effec-
tive method in lowering the cytotoxicity while enhancing the transfection effi ciency 
through receptor-mediated endocytosis. The results showed enhanced transfection 
effi ciency through receptor-mediated endocytosis via mannose receptors [ 56 ]. Lin 
et al. [ 57 ] reported a novel gene transfection system by covalently attaching a poly-
amidoamine dendrimer onto mesoporous silica MCM-41 nanospheres. This system 
was used to complex with a plasmid DNA (pEGFPC1) that codes  for   an enhanced 
green fl uorescence protein-based gene transfection reagent (Fig.  2.8 ) [ 57 ].

  Fig. 2.8    Schematic representation of a nonviral gene transfection system based on a Texas Red (TR)-
loaded, G2-PAMAM dendrimer-capped MSN material complexed with an enhanced green fl uores-
cence protein ( Aequorea victoria ) plasmid DNA (pEGFP-C1) (Reproduced from Lin et al. [ 57 ])       
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2.2.6.3        Smart Polymer-Coated Mesoporous Silica Materials 
for the Preparation of Medical Devices 

 Biomedical  engineers   have recently recognized that medical implants require well- 
defi ned and controlled interfaces. One of the major obstacles preventing the clinical 
application of active devices that perform biologically is that of functionality. 
Biosensors and drug delivery implants are active medical devices that must be capa-
ble of function during use over a period of months, years, or possibly decades. 
These devices must exhibit functional stability under a wide range of biological 
conditions [ 58 ]. Silica-based ceramics have received a great deal of interest for the 
development of stimuli-responsive nanocarrier for biomedical fi eld applications 
[ 59 ]. However, the scope of the silica materials with clinical applications has con-
siderably changed in the last few years. For instance, it is worth mentioning the 
research effort carried out in mesoporous materials for designing biomedical devices 
has resulted in two main uses: drug delivery systems and bone tissue regeneration. 
Tissue engineering is an emerging area directed toward the design of materials that 
can help an organism to improve its ability of regeneration by recovering both the 
structure and its function. For this purpose, biocompatible and bioresorbable scaf-
folds are desirable as they enhance tissue growth and increase the cellular function 
(i.e., aid the development of cells into a functioning tissue in preparation for implan-
tation). Recently, these materials have been proposed to be applied in biomaterial 
science [ 60 ]. Owing to their textural properties of surface and porosity, ordered 
mesoporous materials have shown to be excellent candidates for bone tissue regen-
eration. Vallet–Regi et al. [ 61 ] have prepared an ordered mesoporous materials in 
the system SiO 2 –CaO–P 2 O 5 , with different CaO contents. By changing the CaO 
content, the bioactive behavior can be modifi ed due to the different network con-
nectivity and the textural properties. The mesoporous silica bioactive glasses can be 
used for bone tissue regeneration applications [ 61 ]. The same group has also pre-
pared a MCM-41-based mesoporous materials at alkaline pH which contain phos-
phorous atoms linked to silicon atoms of the framework through oxygen bonds. 
This new material displayed the capability of phosphorous-doped MCM-41 to act 
as a bioactive material [ 62 ]. Zhao et al. [ 63 ] prepared a  highly   ordered mesoporous 
bioactive glasses, synthesized with superior bone-forming bioactivity, in vitro  . 
These mesoporous silica-based bioactive materials showed superior bone-forming 
bioactivity when compared to normal BGs derived from sol–gels [ 63 ].   

2.2.7     Smart Coatings in Oil Industry 

 Oil industries are considered to be  the   driving factor for the automobile, aero-
space, and another energy generation applications. Oil industries are also chang-
ing the economy and life styles of people by increasing or decreasing the price of 
fuel. In the past few decades, several accidents have happened in the oil industry 
or in oil transport ships where many tons of oil were spilled on the seawater 
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surface. Oil spills on the ocean surface can cause serious health problems to the 
native creatures in the sea as well as to surrounding people near the affected area. 
In order to selectively capture the spilled oils from the seawater surface, several 
absorbents or adsorbents have been developed so far using natural or synthetic 
materials. In that, superhydrophobic surfaces such as sponges, foams, aerogels, 
membranes, and wire meshes attracted much attention for their selective oil spill 
capture capability and for other oil/water separation applications. This is due to 
the easy capture of spilled oils as well as an improved recyclable capacity by 
using the superhydrophobic surfaces. Moreover, the captured oils can be recov-
ered at higher level, which can be purifi ed and reused for various applications. 
These smart approaches are also considered to be more effective in the selective 
oil sorption and oil/water separation from the oil spills than other methods used 
before. Functionalized superhydrophobic surfaces are also promising for the oil 
industry due to the selective sorption and separation of oils from water as well as 
the responsive nature of the substrate. Several new techniques were developed 
recently by using various types of superhydrophobic surfaces for oil/water sepa-
ration applications. On the other hand, hydrophilic surfaces are also used some-
times for oil/water separation. Recently, Howarter and Youngblood [ 28 ] 
developed novel stimuli-responsive polymer brushes for self- cleaning coating 
applications. The prepared surface also showed an antifogging property which is 
useful for dual-purpose applications. A surface with advancing contact angle 
(CA) lower than 40° can show better antifogging property than advancing the CA 
higher than 40° [ 64 ]. 

 Meanwhile, in most cases,    superhydrophilic surfaces are exhibiting better per-
formance in antifogging applications than other substrates [ 65 ]. Owing to the 
complete wettable property of the superhydrophilic substrate, the substrate can be 
transparent due to formation of thin fi lms of water vapors on the substrate. In 
contrast, superhydrophilic surfaces lack this self-cleaning property. Based on this 
concept, Howarter and Youngblood [ 28 ] developed a hydrophilic stimuli-respon-
sive surface by surface functionalization and grafting of polyethylene glycol with 
short perfl uorinated end caps (f-PEG) and isocyanate-functionalized silane. The 
material- coated glass substrate showed solvent-selective stimuli-responsive 
behavior. They discovered the self-cleaning behavior of the hydrophilic substrate 
and found that the real mechanism of the property was based on the water and oil 
CAs on the substrate. The substrate with receding CA of oil (hexadecane) is 
higher than the advancing CA of water, thus causing the hydrophilic surface to 
thermodynamically self-clean the oil droplets on the surface (Fig.  2.9 ). This is due 
to the higher energy gain of water- substrate contact than the energy losing oil-
substrate contact [ 28 ]. This solvent- selective, self-cleaning, and antifogging coat-
ing substrate may prove to be useful in water and oil removal in industrial 
applications.
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  Fig. 2.9    Self-cleaning response of f-PEG: ( a – d ) Oil droplets are placed on the f-PEG surface ( a ) 
followed by water ( reddish-orange ). ( b ) With minimal mechanical agitation, water displaced the 
oil ( c ) on the surface. Upon tilting the sample, the oil fl oats off and is removed from the slide ( d ). 
( e ) When oil is placed in contact with water on hydrophobized glass ( left ), f-PEG-modifi ed glass 
( middle ), and clean glass ( right ), the surfaces show differing behavior. ( f ) Oil on hydrophobized 
glass ( bottom ), f-PEG-modifi ed glass ( middle ), and clean glass ( top ) exposed to gently fl owing 
water (Reproduced from Howarter and Youngblood [ 28 ])       
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2.2.8        Smart Polymeric Coatings in Automobiles, 
Aerospace, and Textile Fabrics 

 Smart polymers have wide usages  in   automobiles, aerospace, and textile fabric 
applications. Several metal nanoparticle- and metal alloy-based coatings were used 
for automobile and aerospace applications in order to protect the surface properties 
from scratches and corrosions. Superhydrophobic and self-cleaning, stimuli- 
responsive self-healing, scratch resistance, and anticorrosion coatings have attracted 
more attention from the automobiles and aerospace industries. This is because the 
use of these surface properties can protect the automobile and aerospace products 
from dust, corrosion, and scratches. These properties can also extend the lifetime of 
the surface-treated products, which is desirable when utilizing these materials in 
industrial applications. Recently, Shi et al. [ 66 ] developed a novel robotic chemical- 
responsive superhydrophobic miniature boat. The developed boat showed sensitiv-
ity to solvent and accelerated from one place to another place by itself with the 
internal energy created by the solvent system. This self-robotic acceleration of the 
superhydrophobic coating by the solvent could prove to be useful when applying 
this system in the practical transportation applications. Similarly, the stimuli- 
responsive smart polymer coatings are also used widely in the preparation of vari-
ous types of textile fabrics such as shape-memory foams, fi bers, fabrics, etc. [ 67 ]. 
Hu et al. [ 67 ] briefl y reviewed the stimuli responsiveness of various polymers used 
for the development of smart textiles.  The   smart polymeric textile fabrics were also 
developed by using various types of responsive polymer coatings such as thermal-, 
pH-, moisture-, water-, solvent-, and light-responsive coatings for a variety of appli-
cations in textile industries such as transportation, thermal wears, protective gloves 
and masks, and biomedical applications.   

2.3     Conclusion and Future Outlook 

 Surface coatings are the most important parameter for almost all kinds of products 
that are used in daily life. The look of the fi nished product depends on the perfor-
mance, durability, and ability to resist harsh conditions such as temperatures, pHs, 
chemicals, environment, and external stresses. In order to improve the quality and 
capability of the fi nished products in industrial applications, smart coatings are 
widely used to protect the surface or switch the surface properties so as to protect 
them from the external stress. These switchable surface properties are important for 
increasing the durability, mechanical strength, and resistance against corrosion and 
scratches. Several smart polymers and polymer hybrid materials have been devel-
oped so far to enhance the quality of the product. Recently, superhydrophobic and 
self-cleaning coatings and self-healable, scratch resistance, and anticorrosion coat-
ings are considered to be an attractive properties for materials used for several 
industrial applications. The technical usages of these coatings in industrial 
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applications are not limited to any one particular application due to the excellent 
properties of smart coatings. In this book chapter, the various surface properties, 
stimuli- responsive polymers, and their uses in various applications were briefl y dis-
cussed. The applications of smart coatings are emerging in various fi elds and also 
can be developed in different types of coating methodologies in the future. Recently, 
multifunctional smart coatings have also been developed to treat various surface 
coatings. The proper selection of materials is necessary in order to develop smart 
surface coatings with multifunctional groups for various applications.     
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    Chapter 3   
 Electroactive Polymers and Coatings                     

       Lisa     C.     du     Toit    ,     Pradeep     Kumar    ,     Yahya     E.     Choonara    , and     Viness     Pillay    

    Abstract     Electroactive polymers (EAPs) and coatings (EACs) provide an expand-
ing and progressive frontier for responsive drug delivery and the design of biomedi-
cal devices. EAPs possess the distinctive propensity to undergo a change in shape 
and/or size following electrical current activation. Current interest in EAPs and 
EACs extends to use in controlled drug delivery applications, where an “on-off” 
mechanism for drug releases would be optimal, as well as application in a biomedi-
cal devices and implants. This chapter explores and molecularly characterizes vari-
ous EAPs such as polyaniline, polypyrrole, polythiophene, and polyethylene, which 
can ultimately be incorporated into responsive hydrogels in conjunction with, for 
example, a desired bioactive, to obtain a stimulus-controlled bioactive release sys-
tem, which can be actuated by the patient, for enhanced specifi city. The institution 
of hybrids of conducting polymers and hydrogels has also been subjected to increas-
ing investigation as soft EACs, which have been applied, for example, in the 
improvement of the mechanical and electrical performance of metallic implant elec-
trodes. The various interconnected aspects of EAP-based systems, including their 
synthesis, proposed  modus operandi , physical properties, as well as functionaliza-
tion approaches for enhancing the performance of these systems, are delineated. 
The use and comparison of these EAPs and EACs alone, and in conjunction with 
hydrogels, is further elaborated, together with strategies for integrating electroactive 
components and hydrogels. Approaches for modeling and explaining the proposed 
 modus operandi  of these systems are delineated. A critical review of diverse bio-
medical systems implementing EAPs and EACs having application in the pharma-
ceutical and medical industry, specifi cally, is provided, highlighting their 
applications, potential advantages, and possible limitations. Ultimately, this chapter 
illuminates innovative approaches for enabling EAP- and EAC-based systems to 
attain their full clinical potential.  
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responsive  

3.1       Introduction 

 Electroactive polymers (EAPs) have been ushered in as a novel generation of intel-
ligent biomaterials enabling direct delivery of electrical, electrochemical, and elec-
tromechanical stimulation to cells [ 1 ]. EAPs, in some defi nitions, have been referred 
to as artifi cial muscles due to the similarity in functional response, as well as poten-
tial to mimic the mechanical performance, of biological muscles. Essentially, they 
are polymeric materials with the intrinsic ability to change their shape or size fol-
lowing electrical current activation. Actuation via the use of electrical energy is an 
attractive activation method for causing elastic deformation in polymers, and it 
offers great convenience and practicality. 

 More and more, nature provides biologically inspired adaptations in designed 
biomedical devices and delivery systems. There is a diversity of polymers that have 
the potential to undergo a change in size or shape in the presence of stimuli, includ-
ing temperature, light, chemical, magnetic, pneumatic, magnetic, and electrical. 
The attraction of electrical activation for causing polymeric deformation lies in its 
convenience and practicality [ 2 ,  3 ]. 

 The reported history of polymers possessing electrically stimulated behavior has 
extended over more than 100 years, but this fact has received little attention possibly 
due to the comparatively small response to the stimulus, until recently. In the pass-
ing two decades, polymer scientists have achieved the synthesis of EAPs and elec-
troactive coatings (EACs) that have demonstrated more notable elastic deformations 
and ultimately shape and size changes. These materials have attracted multidisci-
plinary interests and have had exciting applications as, for example, robotic fi sh, 
artifi cial eyelids, and catheter steering elements [ 3 ]. EAPs and EACs provide an 
expanding and progressive frontier for responsive, controlled drug delivery, where 
an “on-off” mechanism for drug releases would be optimal, as well as application in 
biomedical devices and implants. 

 Encompassed within the family of EAPs are conductive polymers, electrets, and 
piezoelectric and photovoltaic materials [ 3 ]. Electrets and piezoelectric materials 
enable electrical stimulus delivery in the absence of an external power source; how-
ever, stimulus control is limited. Conversely, conductive polymers enable good 
electrical stimulus control, good electrical and optical properties, and a favorable 
conductivity/weight ratio and can be rendered biocompatible, biodegradable, and 
porous [ 4 ]. Specifi c modifi cation of the chemical, physical, and electrical properties 
of conductive polymers is also possible via incorporation of enzymes, antibodies, or 
other biological moieties, for particular applications, which are also alterable fol-
lowing exposure to stimuli [ 1 ,  5 ]. 
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 Since their inception, more than 25 EAP systems have been reported (Table  3.1 ), 
possessing the combined attributes of metals (charge conduction, good electrical 
and optical properties) and polymers (processing fl exibility and ease of synthesis) 
[ 6 ]. The initial “discovery” of conductive polymers was with the observation that 
the conductivity of polyacetylene (a fairly semiconducting polymer) could have its 
conductivity increased 10 millionfold upon oxidation via iodine vapor [ 7 ]. This also 
introduced the phenomenon of “doping,” the process through which conductivity is 
introduced to polymers. It ignited the search for more EAPs, such as the polyhetero-
cycles, which include polypyrrole, polyaniline, and polythiophenes. These exam-
ples possess an enhanced stability compared to polyacetylene and good conductance 
as well [ 8 ].

   This chapter provides an in-depth discussion on the principles and applications 
of EAPs, EACs, and their composites while building on concepts introduced in the 
review of Pillay and co-workers [ 11 ]. The use and comparison of these EAPs and 
EACs alone, and in conjunction with hydrogels, is further elaborated, together with 
strategies for integrating electroactive components and hydrogels. The various 
interconnected aspects of EAP-based systems, depicted in Fig.  3.1 , including their 
synthesis, proposed mechanism of operation, physical properties, as well as func-
tionalization approaches for enhancing the performance of these systems, are delin-
eated. A critical review of diverse biomedical systems implementing EAPs and 
EACs while having application in the pharmaceutical and medical industry, 
 specifi cally, is provided, highlighting their applications, potential advantages, and 
possible limitations. Ultimately, this chapter illuminates innovative approaches for 
enabling EAP- and EAC-based systems to attain their full clinical potential.

   Table 3.1    Diverse electroactive polymer systems and abbreviations [ 1 ,  9 ,  10 ]   

 EAP system  Abbreviation 

 Polypyrrole 
 Polyaniline 
 Poly(3,4-ethylenedioxythiophene) 
 Polythiophene 
 Polythiophene-vinylene 
 Poly(2,5-thienylenevinylene) 
 Poly(3-alkylthiophene) 
 Poly( p -phenylene) 
 Poly( p -phenylene sulfi de) 
 Poly( p -phenylenevinylene) 
 Poly( p -phenylene-terephthalamide) 
 Polyacetylene 
 Poly(isothianaphthene) 
 Poly(α-naphthylamine) 
 Polyazulene 
 Polyfuran 
 Polyisoprene 
 Polybutadiene 
 Poly(3-octylthiophene-3-methylthiophene) 
 Poly( p -phenylene-terephthalamide) 

 PPy 
 PANI 
 PEDT, PEDOT 
 PTh 
 PTh-V 
 PTV 
 PAT 
 PPP 
 PPS 
 PPV 
 PPTA 
 PAc 
 PITN 
 PNA 
 PAZ 
 PFu 
 PIP 
 PBD 
 POTMT 
 PPTA 
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3.2        Classifi cation of Electroactive Polymers 

 Roentgen essentially made  the   seminal report of EAP materials in 1880 [ 12 ]. This 
was by subjecting a rubber band (having a fi xed end and a mass attached to the free 
end) to an electric fi eld. This was followed by Eguchi’s discovery and description of 
electrets in 1925. These are dielectric materials possessing a quasi-permanent elec-
tric charge or dipole polarization. In 1969, Kawai described the piezoelectricity of 
polyvinylidene fl uoride (PVDF). EAPs and coatings can be categorized as ionic and 
electronic (or fi eld activated) [ 3 ]:

    (a)    Ionic EAPs 
 These include conjugated polymers. Actuators are comprised of an electro-

lytic polymer fi lm with a 2-electrode coating with activation implicating ion 
mobility due to electrical excitation [ 13 ]. Their advantages include generation 
of large bending displacement following low-voltage activation; however, there 
is the maintenance requirement of electrolyte wetness, low effi ciency of energy 
conversion,    and limited ability to sustain constant displacement via direct cur-
rent (DC) voltage activation (except for conducting polymers) [ 14 ]. Examples 
of ionic EAP materials include the ionomeric polymer-metal composites 
(IPMCs), conducting polymers, carbon nanotubes, and ionic polymer gels. 
IPMCs are the most widely investigated EAPs in this group, with the base poly-
mer enabling movement of positive ions through its channels of interconnected 
clusters of fi xed network negative ions [ 13 ]. Pertinently, IPMCs undergo sig-
nifi cant bending in response to a fairly low electrical voltage (1 V); however, 
the response frequency is slow (<10 Hz) [ 3 ].   

  Fig 3.1    Schematic demonstrating the interconnectivity of the various aspects of EAPs. Adapted 
from Balint et al. [ 1 ]       
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   (b)    Electronic (fi eld-activated) EAPs 
 These include piezoelectric polymers, electrorestrictive polymers, nonionic 
gels, and dielectric elastomers. Activation is via Coulomb force instigating an 
alteration in dimension, which may be a result of either direct thickness reduc-
tion, seen, for example, in dielectric elastomers, or internal polarization with 
molecular alignment noted in ferroelectric EAP [ 15 ]. A high electric fi eld 
(>10-V/μm) is commonly required, which can approach the electric breakdown 
level due to the low dielectric constant. The voltage required can be reduced by 
employing thin multilayers as a stack and creating a composite incorporating 
high dielectric constant fi ller material. This group of EAPs possess a fast 
response time, maintaining the generated displacement under DC voltage, as 
well as greater mechanical energy density. The requirement of a high activation 
 fi eld   potentially close to electric breakdown level is their main disadvantage [ 3 ].    

  Compared to conducting polymers, redox polymers possess redox sites, with elec-
trostatic or covalent bonds to the polymer, and electronic and spatial localization [ 16 ], 
whereas conducting polymers exhibit delocalization of electronic states [ 17 ]. 
Depending on the synthetic reaction for the polymerization process, the EAP may be 
an addition or condensation polymer, and this reaction is implicit in defi ning the 
electrical properties of the synthesized EAP [ 18 ]. A more recently arising novel tech-
nique is for the formation of modifi ed EAPs, where the polymer possesses distinct 
properties from the monomers, is electropolymerization, undertaken on the surface of 
electrodes [ 19 ]. Herein, however, lies its drawback, as the yield from the electropoly-
merization at the electrode surface is too low for industrial application [ 20 – 23 ].  

3.3     The Mechanism of Operation and Conductivity Source 
of Electroactive Polymers 

 When an electric charge  is   applied to an EAP with suffi cient mobility, there is 
charge redistribution within the polymer, with the response either being a change in 
dielectric properties (either (a) dielectric properties which represent polarization or 
(b) tangent of dielectric loss angle representing relaxation phenomena) or bulk con-
ductive properties (either (a) dielectric strength representing breakdown phenomena 
or (b) conductivity representing electric conduction). Additional distinct EAP prop-
erties encompass piezoelectric, pyroelectric, ferroelectric, triboelectric, photovol-
taic, and photoconductive properties [ 24 ]. 

 Charge conduction in EAPs is due to the ease of electron jumping between the 
polymeric chains on oxidation or reduction of the EAP. This is due to a combination 
of factors. Within the conjugated polymer backbone, the series of alternating single 
and double bonds provides both localized σ-bonds, which are chemically strong, 
and less strongly localized π-bonds, respectively [ 25 ,  26 ] (Fig.  3.2 ). Overlapping of 
the  p -orbitals of consecutive π-bonds enables easy delocalization and thus free 
movement of electrons between atoms. As the polymer must be synthesized in its 
conducting form (i.e., oxidized), a dopant molecule, generally an anion, is essential 
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  Fig 3.2    Depiction of a conjugated backbone indicating alternating single and double bonds. 
Source: Balint et al. [ 1 ]       

  Fig 3.3    Schematic illustrating the electrical conductivity of conducting polymers. ( a ) The dopant 
removes or adds an electron from/to the polymer chain, creating a delocalized charge. ( b ) Charge 
localization is energetically favorable and the charge is surrounded by a local distortion of the 
crystal lattice. ( c ) This distortion-engulfed charge is a polaron (a radical ion and the associated 
lattice distortion). ( d ) Conduction of electricity is due to the polaron movement along the polymer 
chain. Source: Balint et al. [ 1 ]       
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for charge neutralization and backbone stabilization. Simultaneously,    the dopant 
brings a charge carrier into the system through introduction or removal of electrons 
into or from the polymer chains, causing their relocalization as polarons or bipolar-
ons (loosely held yet localized electrons enclosed within a crystal lattice distortion) 
(Fig.  3.3 ). The application of an electrical potential causes movement of dopant into 
or out of the EAP, causing polymer backbone disruption, thus enabling the charge 
to pass through the polymer as the polarons or bipolarons [ 1 ,  25 ,  26 ].

    In polypyrrole (PPy), the bipolaron ( p -type) conduction creates conductivity, 
with electron hopping and anion and cation movement [ 6 ]. The overall conductivity 
of the EAP depends on the polaron, charge transfer to adjacent molecules, and 
length of conjugation, which can be varied in accordance with the dopant type and 
quantity. Conductivity may be limited by defect sites in the EAP backbone, poten-
tially due to exposure to water or oxygen or redox switching [ 27 ]. 

 The diffusion coeffi cient  is   employed to describe this rate of oxidation or reduc-
tion within the EAP and is an indication of the charge percolation effi ciency through 
the polymer, as measured via cyclic voltammetry (CV) or chronoamperometry (CA) 
[ 28 ]. In addition, the type of EAP used also affects the response time. A rapid 
response time of milliseconds is demonstrated by electronic-based EAPs, but with 
the requirement of a high actuation voltage. On the other hand, ionic-based EAPs 
respond more slowly, but at a lower actuation voltage [ 29 ].  

3.4     Creating an Electroactive Polymer: 
The Process and Considerations 

 Certain EAPs have been the focus of intensive investigation as responsive platforms 
 including   PANi [ 30 ], polythiophene (PTh), and PPy [ 31 ]. The advantages, limita-
tions, and various modifi cations for potential improvement of these commonly 
employed EAPs are provided in Table  3.2 . The versatility of PANi and its deriva-
tives is due to their potential for processing into various redox states and possession 
of tunable conductivity and stability. The applications of PANi include dental uses 
(maxillofacial surgery and dental implants), antistatic applications, gas sensors, and 
artifi cial muscle design [ 32 – 37 ].

   The behavior of EAPs can be tailored via doping with various counterions. This 
has enabled, for example, the mimicry of basic insect and animal movements by 
investigators in the fi eld of biomimetics. There has been a shift in focus on EAPs as 
their actuation ability improves, as well as the availability of a wider selection of 
biomaterials [ 11 ]. However, this brings concerns with regard to the biocompatibility 
of these new materials [ 57 ]. A study specifi cally assessing the biocompatibility of 
PANi conjugates investigated the subcutaneous implantation of ethylene vinyl ace-
tate (EVA) copolymer (PE) and PANi (emeraldine, nigraniline, and  leucoemeraldine 
states) in Sprague-Dawley rats over a period of 19–90 weeks with subsequent histo-
logical evaluation. No carcinogenic effects were observed on rat tissues, even after 
the extended periods of time, highlighting adequate biocompatibility [ 58 ,  59 ]. The 
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biocompatibility of the EAP PPy has also been demonstrated in humans, as well as 
its controllable physicomechanical behavior and chemically or electrochemically 
enabled synthesis. 

 The mechanism  of   polymerization of PPy is followed by most EAPs, with the 
polymerization commencing via oxidation of the pyrrole monomer (Fig.  3.4 ). The 
counterion employed in its synthesis is C-, with its negative charge enabling incorpo-
ration into the polymer, which is in equilibrium with the polymer backbone’s positive 
charge [ 60 ]. As highlighted in Fig.  3.4a , incorporation of diverse counterions during 
the polymerization process is enabled, allowing for alteration of the overall physi-
comechanical properties. The use of a combination of counterions is also possible for 
achieving the desired degree of conductivity and physical attributes [ 61 ].

   Zhao and co-workers [ 62 ] indicated that the transport mechanism within the 
EAP is controlled by the counterions, most notably, the anions. Following the 
application of suffi cient negative potential, outward anion diffusion occurs and 
the reaction is reduced. Application of a repetitive pulsed potential waveform to 
the membrane maintains transport through it. Incorporation of counterions into 
a polymeric membrane can be achieved through electropolymerization; how-
ever, if they are trapped during this process, immobility is a potential concern. 
Sulfonated aromatic groups have proved suitable [ 62 ]. Following expulsion of 
an anion from the polymeric system, reincorporation is achieved via repetitive 
pulsed potential waveform; furthermore, if the anion-loaded polymer is placed 
in a cationic electrolyte solution, these may also be assimilated into the poly-
meric system. Three criteria must be satisfi ed for effi cacy of  this   electroactive 
transport mechanism: (1) a transport system with a rapid on-off switching 
mechanism, (2) controllable fl ux and sustainable transport within the polymeric 
system, and (3) controlled selectivity. 

3.4.1     The Electropolymerization Process 

  Electropolymerization   is a specifi c method originated for the formation of EAPs. 
Being a more stable approach than chemical synthesis of an EAP, it also yields EAPs 
with less variation in molecular mass as a result of the exothermic reaction during 
chemical oxidation of the monomer, with temperature fl uctuations impacting the 
polymer chain length [ 63 ]. The process implicates dissolution of the monomer in an 
appropriate solvent together with a selected anionic doping salt; this is followed by 
oxidation of the monomer at the anode. Oxidation  furnishes   free cationic radicals of 
the monomer, which interact to form oligomers and subsequently the EAP [ 64 ]. 
Factors infl uencing the elaborate electropolymerization process include the degree 
of monomeric substitution, choice of electrolyte and solvent, solvent and aqueous 
medium pH, and the electrochemical method employed [ 65 ]. Bearing these factors 
in mind, there lies the potential for synthesis of a novel synthetic approach or poly-
mer with desirable attributes. Current intensity is infl uenced by the electrolyte 
employed, which ultimately affects the EAP quantity formed [ 65 ]. Solvents possess 
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  Fig 3.4    Schematic depicting: ( a ) Polypyrrole (PPy) chemical synthesis. ( b ) Polymer protonation 
via protonic acid (acid counterions are not illustrated). ( c ) Mechanism of an oxidation reaction of 
PANi (downward arrow represents the oxidation reaction). Source: Pillay et al. [ 11 ]       

 

3 Electroactive Polymers and Coatings



62

various donor numbers infl uencing cationic monomer radical deprotonation, as well 
as possessing varying dielectric constants, infl uencing chain propagation [ 66 ]. 
Solvent choice further depends on it providing a medium with ionic conductivity 
and on its stability at the monomer’s oxidation potential [ 64 ]. Solvent pH is impor-
tant due to its effect on monomer solubility (via chemical reaction) and on the poly-
mer’s physical attributes [e.g., aniline undergoes polymerization under acidic 
conditions as a result of PANi protonation, resulting in enhanced conductivity (dop-
ing effect)] [ 67 ,  68 ]. Monomers need to dissolve in the solvent for electropolymer-
ization to ensue. Inert materials (e.g., gold, platinum, or glass-like carbon) commonly 
comprise the anode employed for the polymerization reaction; partially reactive 
materials may dissolve with polarization of the anode [ 69 ,  70 ]. The physicochemical 
properties of the synthesized EAP are implicitly based on the electropolymerization 
method instituted, but generally this approach imparts EAPs with comparable con-
ductivity, for application in research and system design [ 11 ].  

3.4.2     The Doping Process 

 The overall goal  in   EAP synthesis is attainment of the required conductive, mechan-
ical, and sometimes optical properties. Doping implicates introduction of a chemi-
cal agent for direct interaction with the polymer chain and has a pertinent impact of 
the physicomechanical attributes of the EAP. Figure  3.1b  demonstrates this; there is 
protonization of nitrogen atom of the quinoid group in PANi by protonic acid [ 71 ]. 
Commonly, doping is performed with EAP in the base form which is then combined 
with an acid; the protonated EAP has increased conductivity, due to the protonated 
imine nitrogen emanating in increased polarons in EAPs (i.e., PANi and PPy) [ 72 ]. 
The preferential synthesis of PANi is thus in an acidic environment, as discussed 
previously [ 72 ]. However, these conditions may be considered harsh and undesir-
able, possibly necessitating the addition of other solutions to the acid. Mirmohseni 
and Wallace [ 73 ] synthesized PANi fi lms adding doping agents to an acetone: 1M 
HCl solution, with immersion of the PANi in this solution for 24 h enabling suffi -
cient doping, followed by vacuum drying. Transition metals (e.g., NiCl 2 , EuCl 3 , and 
ZnCl 2 ) represent more progressive doping agents compared to conventional pro-
tonic acids where only a dopant change is induced on the polymer, whereas transi-
tion metals also elicit a dual effect causing a change in morphology as well [ 71 ]. 

 The preparation of EAPs via  emulsion   polymerization enables the generation of 
a conducting salt in the absence of a postdoping processing step with acid [ 74 ], as 
investigated by Kinlen and co-workers [ 75 ]. They demonstrated the polymerization 
of PANi salts of hydrophobic acids (e.g., dinonylnaphthalene) in an organic solvent 
(2-butoxyethanol).   
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3.5     Redox Reactions in Electroactive Polymers 

3.5.1     Conductivity of EAPs via Redox Reactions 

 The responsiveness of EAPs  is   intrinsic to their potential for undergoing oxidation 
and reduction reversibly. The transport of ions through the EAP and subsequent 
controlled movement of ions from the EAP conducting fi lm is described via redox 
reactions. Examining PANi as an example of a conducting polymer, the amine 
groups serve as its redox centers, undergoing oxidation to imine groups; subsequent 
to oxidative, there is some level of conductivity. PT and PPy may be similarly clas-
sifi ed [ 76 ]. The site of occurrence of the redox reaction is commonly at the interface 
of the fi lm and solution, as here there is the potential for the reaction of dissolved 
ions with the conducting polymer. The steps implicit to the redox switching of an 
EAP are (noted in Fig.  3.4c  for PANi):

    1.    Change in conformation   
   2.    Solvent molecule entry or exit, potentially altering the swelling state   
   3.    Conformational change of EAP-bound ions   
   4.    EAP electroneutrality balance via ion ejection or injection    

3.5.2       Evaluation of Redox Reactions in EAPs 

 An EAP’s redox potential has  pertinent   infl uence on the extent of swelling/deswell-
ing and electroactivity of the polymer. Assessment of the redox reaction of the EAP 
via the following techniques enables prediction of EAP electroactivity:

    1.    Linear sweep voltammetry (LSV)—measurement of the current at the working 
electrode relative to a potential range (i.e., EAP voltammetric response). Peaks and 
troughs in the generated  voltammogram   represent oxidation or reduction within 
the EAP. LSV is also employed for quantifi cation of ions in a sample [ 77 ,  78 ]. 
Cyclic voltammetry has largely replaced this technique as it provides more data.   

   2.    Cyclic voltammetry (CV)—an extension of LSV where there is an inversion of 
the working electrode potential on attainment of the end potential and provides a 
potentiodynamic  electrochemical   measurement [ 79 ]. It enables determination of 
an analyte in solution [ 79 ], as well as the surveillance of oxidation and reduction 
behavior of the EAP. A cyclic voltammogram plot is generated of the current 
accumulated at the working probe versus the applied potential difference. The 
potential is linearly increased in CV, and as it approaches the oxidation potential 
of the analyte, there is an increase in the current, which ultimately falls as the 
analyte concentration at the electrode decreases on oxidation. The shortcomings 
of CV are its low structural resolution; however, it is still a popular redox 
reaction- determining tool.   
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   3.    Impedance spectroscopy (IS)—a nondestructive approach importantly employed 
for the characterization of the intrinsic electrical properties of a polymer, such as 
conductivity, dielectric coeffi cient,    static properties (at the interface), and 
dynamic changes resulting from charge transfer. Its application even extends to 
the assessment of body makeup, specifi cally in overweight individuals [ 80 ]. IS is 
employed for gaining information on the kinetics and electrochemical reactions 
of EAPs and confi rmation of a model for diffusion of ions in and out of an EAP 
in solvent or diffusion of counterions or electrons at the EAP/solvent interface 
[ 81 ,  82 ]. Disadvantages of this technique are diffi culty of data interpretation and 
that it is essentially a complementary approach.   

   4.    Chronoamperometry (CA)—in this technique, there is maintenance of the poten-
tial for a period, followed by stepping up, thus  creating   a faradic process with the 
resultant current (resulting from oxidation or reduction) recorded. For analysis, 
the EAP is applied as a thin-fi lm coating to the electrode. A limitation is that the 
alternating current can affect the results recorded. The employment of CA is 
important where determination of the migration fl ux of charged particles in 
EAPs is required through analysis in a constant electric fi eld of the concentration 
distribution and current-time plots of a polymer fi lm [ 11 ]. With regard to con-
ductive EAPs, they can be applied in CA as sensors enabling detection of simple 
and complex electroactive or nonactive substances [ 83 ].    

3.6        Creating Composites of Smart Hydrogels 
and Electroactive Polymers 

  The   composition of hydrogels as three-dimensional interconnected hydrophilic net-
works is well known. They absorb water and swell, retaining their structure due to 
the presence of cross-links, entanglement, or crystallinity [ 84 ]. In their native form, 
they lack an inherently electroresponsive nature; however, the incorporation of 
EAPs enables their responsivity in the presence of electrical stimuli [ 85 ,  86 ]. The 
application of electroresponsive hydrogels is diverse as actuators, separation 
devices, and responsive, sometimes miniaturized, delivery systems [ 87 – 90 ]. Such 
hydrogels may also be classifi ed as “intelligent” or “smart” where responsivity to 
more than one stimulus, including electrical, is present [ 91 – 95 ]. The limitations of 
EAPs have been discussed, when used in isolation (e.g., the poor solubility and 
mechanical properties of PANi and PPy). Approaches to addressing these chal-
lenges and enhancing the physicomechanical and physicochemical attributes of the 
EAP include creating an EAP-biomaterial blend with an insulating biomaterial, 
electrochemical, or chemical oxidative polymerization of the EAP into a polymeric 
matrix or formulation via codeposition of a composite EAP- insulating polymer 
[ 96 ].  Hydrogels   commonly exhibit stimulus-responsive behavior as a conforma-
tional change, which could be catalysis, actuation, signaling, movement, or an inter-
action [ 97 ]. The stimuli in question are diverse and include temperature, pH, electric 
fi elds, light/UV, chemicals, magnetic fi elds antigens, etc. [ 98 ]. 

L.C. du Toit et al.



65

  Drug delivery approaches   have been developed employing an EAP which has 
been integrated within the polymeric membrane [ 99 ]. As indicated, there is inward 
and outward movement of counterions when an electrical current is initiated. In 
certain EAPs (PPy and PANi), a high cation fl ux occurs upon oxidation. This has 
been applied, for example, to glutamate and ATP, which have been electrostatically 
charged to attain their controlled release [ 100 ,  101 ]. 

 As indicated,    transport of ions is also enabled during redox reaction switching 
via changes in conformation, which includes swelling, deswelling, or shape change 
(i.e., a shape-memory effect, thus embodying the action of an artifi cial muscle) 
[ 102 ]. This slow relaxation with shape change is exhibited by EAPs such as PANi 
and those falling within its group. This relaxation effect is absent in certain EAPs 
[e.g., poly( o -aminophenol), poly( o -phenylenediamine), and poly(benzidine)] [ 103 ]. 
In studies by Silk and Tamm [ 104 ] on halogenide-doped PPy fi lms, they reported 
the effect of cations on this redox switching process in terms of relaxation times. 

  Hydrogel   performance can be enhanced through the inclusion of acidic or basic 
groups into the structure to create a polyelectrolyte (the solid matrix network, ionic 
species, and fl uid component). Popular polyelectrolyte hydrogels employed include 
polyacrylic acid (PAA) as sodium and potassium salts [ 105 – 108 ]. Investigators 
have employed the sodium salt of hyaluronic acid hydrogels, demonstrating its 
reduction in volume at the anode with consequent drug release [ 109 ]. It follows that 
drug release from hydrogel networks is affected by the monomeric composition, 
swelling degree, and cross-linking density, which ultimately impact the porosity 
and network structure. The presence of ionizable groups in the hydrogel elicits 
chemical and physical changes in the structure, thus enabling drug release [ 110 ]. 
Electrical stimulation of a responsive polyelectrolyte causes drug migration to the 
oppositely charged electrode, and contraction of the hydrogel, emanating in drug 
expulsion [ 111 ]. This drug movement is represented in Fig.  3.5 .

3.6.1       Responsive Hydrogels: Electrocompatible 
Preparation Approaches 

 The  versatility   of hydrogels and their potential application in an electroresponsive 
system has been introduced [ 112 ]. An increase in the degree of cross-linking of the 
hydrogel enhances the architectural integrity, lowering the amount of water imbibed 
and thus decreasing the degree of swelling [ 113 ,  114 ]. Hydrogel synthesis may be 
via blending, copolymerization, grafting, or formation of an interpenetrating poly-
mer network or composite. Blending implicates interaction between two or more 
agents, for example, through esterifi cation between hydroxyl group of polyvinyl 
alcohol (PVA) and the carboxyl group of gelatin [ 115 ]. Copolymerization occurs 
via reaction of two monomers. Grafting is similar to copolymerization, except that 
the polymer employed for hydrogel formation is a graft copolymer (a branched 
polymer where the main chain and side chain differ) possessing the combined prop-
erties of both polymers [ 111 ,  116 ]. 
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 With regard  to   interpenetrating polymer networks ( IPNs)  , the hydrogel network 
incorporates a network of a component, where there is polymerization or 
 cross- linking of at least one component in the presence of another. Thus, there can 
be incorporation of an EAP into a hydrogel to create an IPN, thereby potentially 
increasing the electrical stimulation conductivity into the hydrogel and the ultimate 
electroresponsiveness [ 117 ,  118 ]. 

 Formation of a composite hydrogel occurs by embedding a particle into a hydro-
gel network, where the particle does not interact directly with the hydrogel [ 119 ]. 
All these approaches may be instituted in the synthesis of an electroresponsive 
hydrogel system, with selection based on swellability, structural integrity, and 
response required.   

  Fig 3.5    Schematic depicting: ( a ) Positively charged drug particle migration toward the negatively 
charged anode. ( b ) Contraction of the hydrogel with forced drug exudation from the system. 
Adapted from Pillay et al. [ 11 ]       
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3.7     Electroactive Polymer Functionalization 
for Specifi c Applications 

 Various approaches exist for  the   functionalization of EAPs for the binding of bioac-
tives and optimization of the properties of the device or delivery system (i.e., poros-
ity, hydrophobicity, degradability, conductivity), as represented in Fig.  3.6 . This 
ultimately enhances their potential for numerous biomedical applications. Entrapment 
and absorption techniques do not involve chemical reactions that could affect bioac-
tive activity and are thus commonly employed for biosensor applications [ 120 ].

     1.    Absorption—The EAP is introduced to a solution of the functionalizing agent, 
enabling its  physical   adsorption to the polymer matrix via static interactions 
between the molecule’s charge and the polymer matrix. This is a simple approach; 
however, it exhibits sensitivity to pH, and outward leaching of the bioactive can 
occur [ 121 ]. Examples include the physical adsorption binding of calf thymus 
DNA to PPy as a toxicant biosensor [ 122 ].   

   2.    Entrapment—The functionalizing molecule, the monomer of the polymer, the 
dopant, and the solvent are mixed prior to synthesis. Incorporation of the func-
tionalizing agent molecules close to the electrode into the polymeric chain occurs 

  Fig 3.6    Approaches to functionalizing EAPs: ( a ) physical absorption, ( b ) entrapping, ( c ) covalent 
bonding, and ( d ) exploiting the doping mechanism. Source: Balint et al. [ 1 ]       
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during electrochemical polymerization. Application of this method to the bind-
ing of large molecules, such as DNA and enzymes, is common, as their size 
generally inhibits their escape  upon   entrapment [ 120 ]. Entrapment has been 
employed, for example, for the binding of glucose oxidase for formation of glu-
cose sensors [ 123 ]. DNA has been bound for the detection of aromatic amines, 
cDNA, and Hep C virus [ 124 ].   

   3.    Covalent bonding—The molecule is covalently bound strongly to the monomer 
of the polymer and the long-term stability of the polymer is enhanced. There is 
the possibility of a reduction in the EAP’s conductivity. An example is  the   cova-
lent binding of cysteines via sulfi de bonds to the beta-positions of PPy. Additional 
bioactive molecules can be anchored to the cysteines [ 125 ].   

   4.    Exploitation of  the   doping process—Enables bonding of a wide range of bioac-
tives with the prerequisite that they are charged. The binding of biomolecules 
such as collagen, growth factors, heparin, and chitosan has been achieved through 
doping; however, this is limited by the small amount of molecules that can be 
bound, as well as a notable reduction in the conductivity [ 25 ,  126 ,  127 ].    

  Diverse biological molecules of interest have also been employed to functional-
ize EAPs, thus enhancing  their   bioactivity. The following have been applied, for 
example, to PPy [ 128 ,  129 ]:

    1.    Dermatan sulfate to enhance keratinocyte viability   
   2.    Heparin to promote endothelial cell proliferation   
   3.    Laminin-derived peptide doping to improve neuron and astrocyte adhesion   
   4.    Neural growth factor and poly- L -glutamic acid to enhance neuronal growth   
   5.    Hyaluronic acid and chitosan to promote skeletal myoblast growth and differen-

tiation [ 130 ]    

3.8       The Diverse Applications of Electroactive Polymers 
and Coatings to the Pharmaceutical and Biomedical 
Industry: Controlled Delivery Applications 

 Application of responsive polymers is divided  by   application areas, including car-
diovascular devices, ophthalmic devices, surgical devices, dental and orthopedic 
devices, respiratory devices, gastrointestinal devices, urogenital devices, drug deliv-
ery devices, and implantable biosensors [ 131 ]. 

3.8.1     EAPs in Controlled Drug Release Applications 

 The need for the controlled delivery of chemical compounds is a prerequisite for a 
number of industries, specifi cally the medical and pharmaceutical disciplines [ 5 ]. 
The institution of EAPs is an exciting avenue for overcoming the challenges in the 

L.C. du Toit et al.



69

design of  effective   controllable delivery devices. The great potential of EAPs lies in 
the fact that upon application of a negative (reducing) potential, controlled expul-
sion of molecules bound through doping into EAPs is enabled [ 5 ,  132 ,  133 ]. EAP 
devices can be rendered porous, with delocalization of charge carriers facilitating 
bound molecule diffusion. Successful release of numerous therapeutic agents from 
EAP-based systems has been demonstrated and reported for 2-ethylhexyl phos-
phate, dopamine, naproxen, heparin, neural growth factor (NGF), and dexametha-
sone [ 132 – 137 ]. These and further examples are elaborated on in Fig.  3.7 .

   The attainment of intelligence in drug release, where the appropriate amount of 
drug is released at the required site at the correct time, is the main goal of pharma-
ceutical researchers. The design of such systems is ultimately benefi cial to the 
patient for enhancing compliance and reducing side effects [ 92 ]. This is where 
EAPs as electroresponsive systems have pertinent application. EAP-based hydro-
gels achieve controlled release as a result of the inward and outward movement of 
charged particles. Models explicating the mechanism of release are minimal. 
Murdan [ 92 ] described three different scenarios:

    1.    Gel deswelling resulting in forced drug convection   
   2.    Drug migration due to charged electrodes (drug electrophoresis)   
   3.    EAP hydrogel erosion on electrical stimulation with the consequent release of 

drug    

  Fig 3.7    EAP- and EAC-based controlled drug delivery systems       
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  The limitations of employing EAP-based hydrogels for drug release are that:

    1.    The drug must be charged to enable electrochemical movement control into and 
from the hydrogel [ 138 ].   

   2.    There  is   diffi culty in the absorption (thus resulting in relatively low drug load-
ing), as well as release of large volumes of drug by the hydrogel [ 137 – 139 ].   

   3.    There is a decreased control over drug release with continued ion exchange 
between the surrounding medium and drug [ 138 ].   

   4.    Rapid drug expulsion (this could also be an advantage in some instances) 
[ 137 ,  139 ].   

   5.    Diffusional leaching of drug with replacement by other molecules in the EAP’s 
environment [ 137 ,  139 ].   

   6.    EAP fatigue on repeated electrical stimulation due to irreversible polymeric oxi-
dation, thus limiting EAP lifetime. Swelling and deswelling due to continual 
doping agent movement cause consequent polymeric degradation [ 5 ,  7 ].     

 Drug loading can be enhanced through the application of biotin-streptavidin cou-
pling, with biotin acting as a dopant, covalently binding the bioactive, and ulti-
mately providing release kinetics that are more uniform [ 139 ]. 

 Zinger and Miller [ 100 ]  investigated   the controlled release of charged particles 
(the anionic neurotransmitter, glutamate) covalently bound to the polymer back-
bone of PPy which was coated onto a glass-like carbon electrode. Ferrocyanide was 
incorporated to enhance PPy conductivity. Controlled release of the drug was suc-
cessfully achieved [ 100 ]. With regard to cationic drug release, Zhou et al. [ 140 ] 
demonstrated the anodic release of protonated dimethyl dopamine from a cationic 
poly( N -methyl-pyrrole)/polyanion composite. Drug release from bilayered poly-
mers as a dual layer transport system has also been verifi ed by Pyo and Reynolds 
[ 141 ]. A low redox potential inner layer (PPy and polystyrene sulfonate) was sepa-
rated via insulating fi lm from a high redox potential outer layer [either  poly( N - methyl 
pyrrole) or poly(vinyl ferrocene) (PVFc)]. This intelligent design enabled both the 
release of charged particles and the reuptake of specifi ed charged particles present 
in the surrounding medium. 

 Determination of the  behavior   of the EAP-based hydrogel requires the correct 
application of the current. There should be immersion of the hydrogel in the con-
ducting medium, with embedding or contact of one or both electrodes with the 
hydrogel. Alternatively there can be direct contact of the hydrogel with the elec-
trode in the absence of conducting media, which will ultimately result in a varied 
release profi le compared to institution of the fi rst method, which should be consid-
ered on selection of the optimal approach [ 92 ]. Investigation of release mechanisms 
has been undertaken by Kanokpom and co-workers [ 142 ], employing a cross-linked 
PVA hydrogel doped with sulfosalicylic acid. It was demonstrated that release of 
drug varied linearly with the square root of time. There was dependence of the dif-
fusion coeffi cient of the hydrogel on the applied electric current and the degree of 
cross-linking. Institution of polyelectrolytes (water-soluble electrically charged 
polymers) as the main component of the hydrogel also infl uences drug release, 
potentially creating electrical, temperature, and pH-responsive hydrogels, as elabo-
rated in the ensuing section.  
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3.8.2     EAP-Based Polyelectrolyte Hydrogels 
in the Delivery of Biologics 

 The movement and shape of these electrically  charged   water-soluble polymers are 
controlled by their charge, as well as by Brownian motion, resulting in either coiling 
or stretching. Depending on the ionizable groups present such as those that are 
acidic (e.g., carboxylic, phosphoric, sulfonic) or basic (amino groups), a polyelec-
trolyte can be classifi ed as a polyacid, polybase, or polyampholyte [ 143 ]. The appli-
cation of polyelectrolytes in the fi eld of EAP-based bioactive delivery is of 
pertinence based on their structural response to pH, temperature, and electrical cur-
rent alterations [ 144 ]. DNA is a polyelectrolyte, thus indicating the potential for 
synthesizing biocompatible polyelectrolytes [ 11 ]. 

 The incorporation of a polyelectrolyte into a hydrogel creates the potential for 
swelling, collapse, or even shape change of the system when exposed to solutions of 
varying pH or charge [ 145 ]. Examples of electrically responsive polyelectrolytes 
include PAA and PVA copolymer membranes, sulfonated cross-linked polystyrene 
gel, acrylamide/acrylic acid copolymer with PPy/carbon black, and chitosan/car-
boxymethylcellulose hydrogels [ 146 ], which can display good electrical responses 
at various pH values. As indicated, with electrical stimulation, the kinetic motion is 
one of hydrogel collapse/contraction of the cationic or anionic polymer at either the 
anode or cathode, respectively, occurring in two areas. This is due to electrochemi-
cal processes following Faraday’s law and is evident fi rst in the area of high gel 
response. Thereafter there is a possibility for electro-osmotic water release in an 
area having a low response [ 145 ]. In addition to drug release applications, and 
owing to their biocompatibility and stimulus sensitivity, these EAP-based polyelec-
trolyte hydrogels also have shown potential as biosensors, microsurgical tools, min-
iature bioreactors, and for use in DNA hybridization. Polyelectrolyte multilayers 
may also be employed as fi bers or coatings for bioactive  and   diagnostic agent 
release [ 147 ,  148 ]. Inoue et al. [ 149 ] evaluated the pH-responsive drug release from 
hydrophobic or cationic polyelectrolyte hydrogels. There were notable variances in 
the rate of swelling and drug release at different pHs. 

 Certain hydrogels and EAPs may function as stimulus-actuated systems, which 
are biodegradable and, when implanted at a target site, begin eroding with release of 
incorporated drug upon actuation [ 150 ]. Natural polymers possessing this potential 
include gelatin and dextran. Biodegradable EAPs may also achieve controlled release 
in this manner including multiblock polylactide and aniline pentamer copolymers 
[ 45 ], which were evaluated in rat models. Guimard and co-workers [ 150 ] fabricated 
5, 5′″-bis (hydroxymethyl)-3,3′″-dimethyl-2,2′:5′,2″:5″,2′″-quaterthiophene- co -
adipic acid polyester via incorporation of alternating electroactive quaterthiophene 
units and biodegradable ester units to create a macromolecular framework. Nanoscale 
applications of EAPs have also been investigated, with sizes of even 100 nm demon-
strating electroactivity [ 151 ,  152 ]. A summative account of EAP-based delivery sys-
tems is provided in Fig.  3.7 , highlighting the progressive potential of this fi eld for 
drug delivery. Future investigations could see the application of drug-loaded EAP 
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systems as injectable nanorobots or nanobiosensors,  with   subsequent activation via 
electrical and other stimuli, ultimately leading to a more patient-specifi c treatment 
approach.  

3.8.3     Application of EAPs in Medical Devices 

 Tanaka et al. [ 161 ] developed  a   stop valve on a microchip. First, a novel stop valve 
structure was conceptualized with fabrication, and subsequent measurement, of the 
displacement of the diaphragm in the absence of fl uid. Second, the functionality of 
the stop valve installed on a glass microchip was demonstrated. Figure  3.8  depicts 
the structure and actuation principles of the stop valve. There is thinning and elon-
gation of the EAP horizontally upon voltage application (Fig.  3.8a ). The EAP is 
held between soft electrodes and mounted on a silicon rubber diaphragm.  Elongation   
in the horizontal direction is inhibited in this structure; thus diagonal elongation 
occurs upon voltage application in order to close the penetrating hole in a chamber 
within a microchip (Fig.  3.8b ). For valve function demonstration, a linear micro-
channel with a valve structure in the center of the channel was designed (Fig.  3.8c ).

3.8.4        The Application of EAPs as Biomimetic Sensors: 
Electroactive Polymeric Sensors in Hand Prostheses 

 Biddiss and Chau [ 162 ]  took   on the task of creating a prosthetic hand incorporating 
EAPs, a daunting undertaking, considering the complexity of the natural human 
hand (17,000 tactile receptors all of which can access the sensory information gen-
erated). EAPs are a suitable choice for such prosthetics as they are diverse, light-
weight, shatterproof, and pliable, with adjustable electrochemical properties, and 
fi nd dual application as an actuator and as a sensor. This has allowed EAPs to be 
used in numerous sensory applications such as neural and haptic interfaces as well 
as artifi cial noses [ 163 ], chemical sensing systems [ 164 ], and devices for measure-
ment of blood pressure and pulse rates [ 165 ]. Table  3.3  summarizes some of the 
EAPs successfully applied as biomimetic sensors [ 162 ].

   For their experimental setup (Fig.  3.9 ), Biddiss and Chau [ 162 ] employed a gold- 
coated IPMC fi lm, having an appropriate geometric fi t for the metacarpophalangeal 
joint of a typical hand prosthesis. Their goal was characterization of the material 
response to quasistatic and dynamic bending embodied by the prosthetic hand. They 
ascertained the performance of a calibrated IPMC sensor with regard to prediction 
errors for various bending rates and angles. Bending was achieved by loading of the 
sample as a cantilever beam from angles of 0 to 90 o . Fixing one end of the IPMC 
sample was achieved via a stationary clamp fi tted with isolated electrodes for mea-
surement of the voltage potential across the polymer,    while the opposite end was 
fi xed to a rotating platform. This was operated by a computer-controlled stepper 
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motor working in increments of 0.9 o , for reliable variation of bending angles and 
rates. The angle of rotation of the stepper motor shaft (bending angle) and the shaft 
angular velocity (bending rate) was the input. The output voltage was amplifi ed 100 
times, which was converted by a data acquisition board to a digital signal.

   Biddiss and Chau [ 162 ] indicated that the application of EAP technology to 
biomimetic sensors is at various stages, with established systems such as conduc-

  Fig 3.8    Design and mechanism of operation of a microchip with a stop valve. ( a ) Deformation of 
an EAP by an applied voltage. ( b ) Schematic of the stop valve. ( c ) Microchip design and observa-
tion method of the microchannel fl uid fl ow. Source: Tanaka et al. [ 161 ]       
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tive rubber pressure sensors, to exceedingly innovative IPMC systems. Through 
their studies, they found that IPMS sensor errors (3–5° amplitude errors) were in 
line with those of the natural proprioceptive system in the metacarpophalangeal 
joints. There is high resolution and accuracy with conventional sensors (e.g., fi ber 
optics, strain gauges, etc.) but lack durability, fl exibility, or of suffi ciently small 
size, rendering them with minimal clinical acceptability for prosthetic devices. 
There is no need for auxiliary mechanisms or an external power source when 
IPMCs are employed, signifi cantly reducing bulk. The favorable response through 
enhanced functional and sensory capacity demonstrated by the IPMC sensor in this 
study renders them as a necessitated alternative for proprioceptive sensory feed-
back in prosthetics.  

3.8.5     EAPs as Nanocomposites 

 Organic-inorganic material hybrids have gained increasing amounts of recognition, 
with  hybrid   nanocomposites furnishing materials with unique physical properties, 
greatly exceeding the performance of the individual components alone [ 166 ]. These 
hybrid nanocomposites possess diverse applications; hybrids of nanoparticles and 
conducting polymers (e.g., Pt, Au, Pd, Zr(HPO 4 ) 2 , MoO 3 , MnO 2 , Mo 3 Se 3 , γ-Fe 2 O 3 , 
Fe 3 O 4 , and IrO 2 ) have been applied to the fi elds of electrocatalysis, energy storage 

   Table 3.3    EAPs as biomimetic sensors. Adapted from Biddiss and Chau [ 162 ]   

 Sensor 
 Principle of 
operation  Advantages  Related applications 

 Polypyrrole  Redox reactions 
instigate material 
property changes 
(e.g., volume, 
resistance) 

 Biocompatible 
 Multiformable (into 
sheets, fi bers, or fi lms) 
 Good manufacturability 
 Electrically, 
mechanically, 
thermally, and 
chemically responsive 

 Strain gauges and 
sensing fabrics 
 Sensory gloves for 
rehabilitation 
(movement 
monitoring and 
assistance) 
 Tactile sensors 

 PVDF(polyvinylidene 
fl uoride) 

 Bidirectional 
piezoelectric 
effect (electrical 
response to 
mechanical 
deformation) 

 Vibration and contact 
sensors in robotic and 
prosthetic applications 
(tactile discrimination, 
slip detection) 

 IPMC (ionic 
polymeric metal 
composites) 
 A thin polymeric 
material inserted 
between two plated 
metal electrodes 

 Deformation 
causes shift of 
mobile 
charges = charge 
imbalance 

 Sensitivity to vibrations 
and large deformation 
bends 
 Biomimetic response 
 Moisture and metal 
content and distribution 
sensitivity 

 Tactile sensors 
 New advancements 
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devices (e.g., supercapacitors), sensors, battery cathodes, microelectronics, mag-
netic materials, and electrochemical devices [ 167 – 175 ]. As most of the aforemen-
tioned hybrids incorporate metals or their oxides, moisture sensitivity may be an 
issue if not entrapped within an organic material matrix, thus forming a core/shell 
nanostructure [ 176 ]. 

 The biomedical fi eld could  also   reap rewards from the application of these 
hybrid structures with application as electrodes in soft tissue implants. Composites 
of PPy and carbon nanotubes have been employed in chronic implantable neural 
probes as electrodes for neural interfaces. The application of iridium oxide (IrO 2 ) 
as the inorganic component of hybrid materials has been used in numerous applica-
tions as a substrate for culture, growth, and neural cell electrical stimulation, as 
well as a medical electrostimulation electrode and sensor coatings [ 177 – 179 ]. The 
organic component could be comprised of conducting polymers such as PEDOT 
and PPy. This combination was predicted by Moral-Vico et al. [ 176 ] to be suitable 
for biomedical electrode applications, with the addition of the EAP providing the 
required fl exibility and biocompatibility for implantation in a living organism 
[ 176 ]. Together with potentially enhanced electrochemical intensive properties, 

Parallel
Port

FILTERS

60Hz Noteh

0.01Hz
High-pass

filter
Amplifier

(100x)
AD

Converter

Anchors

Rotating platform
driven by stepper motor

electrode

electrode

IPMC

  Fig 3.9    Schematic of experimental setup with rigid mounting of polymer on one end, with anchor-
ing on the opposite end to a stepper motor-driven rotating platform. There is subsequent fi ltering, 
amplifi cation, and digitization of the polymer response for signal processing. Source: Biddiss and 
Chau [ 162 ]       
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they also  anticipated a signifi cant increase in charge capacity due to the Faradic 
properties of both components. 

 Other industries have also realized the potential of these novel hybrid phases, for 
example, as coatings or powders, as PEDOT, PPy, and IrO 2  all have applications in 
energy devices (e.g., solar and fuel cells), electrochromic devices, and sensors 
[ 179 – 181 ]. 

 In the investigation performed by Moral-Vico and co-workers [ 176 ], two novel 
organic-inorganic nanocomposites comprised either of PPy or PEDOT encapsulat-
ing IrO 2  (i.e., PPy-IrO  x   and PEDOT-IrO  x  ) were formulated via a facile hydrothermal 
reaction in various oxidation states employing a suspension of the IrO 2  and the 
monomer as precursor. Their biocompatibility was ascertained in the presence of 
cortical neuron cells and compared with IrO 2  and PPy-ClO 4  single phase toxicity, 
with a view of potential applications in the neural system [ 176 ] (Fig.  3.10 ). There 
was encapsulation and entrapment of IrO 2  by the polymer fi lm in all instances. 
Conductivity  and   electrochemical activity were evident in varying degrees for the 
resultant material, with dependence on the initial oxidation state and the relative 
amount of each component. Biocompatibility was demonstrated by the hybrid 
materials for neuronal growth and differentiation. In terms of the suspension, a lim-
ited amount of material could be employed prior to the observance of toxicity, thus 
indicating that the nanocomposite maintains the biocompatibility in comparison 
with the non-hybrid-conducting polymers. The composite thus has potential for 
application as electroactive phases in biological media, when employed as a coating 
for bioelectrodes or for nanoparticulate delivery [ 176 ].
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  Fig 3.10    ( a ) SEM image of hybrid nanocomposite of polypyrrole and iridium oxide (IrO 2 ), ( b ) 
corresponding results of a cytotoxic assay. Source: Moral-Vico et al. [ 176 ]       
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3.8.6        EAPs in Shape-Memory Applications 

  Shape-memory polymers (SMPs)      possess the unique potential of deformation and 
fi xing into a temporary shape, with recovery of their initial permanent shape follow-
ing application of an external stimulus, which includes thermal, light, electrical, and 
magnetic stimuli to name a few [ 182 ]. SMPs have advantages over shape-memory 
alloys (SMAs), such as nickel titanium, including lightness, fl exibility, processabil-
ity, high shape recovery ratio, and low cost, in addition to high elastic deformation 
and low recovery temperature [ 183 ]. Their industrial applications are vast ranging 
from clothing manufacture, space structures, morphing aircraft, and biomedical 
treatments [ 184 ,  185 ]. There are certain limitations to SMPs limiting wider applica-
tion including the following: low rubbery moduli lead to small recovery; poor ther-
mal conductivity leads to low recovery speed; and the electrical insulation of most 
polymeric materials renders them inert to electromagnetic stimuli (compared to 
SMAs). Various investigations have been undertaken to overcome these challenges; 
specifi cally, approaches have been developed to enable electrical actuation of SMPs, 
resulting in the induction of the recovery of SMP composites via electrically resis-
tant joule heating. This is achieved through combination of SMPs with conductive 
fi llers such as carbon black, carbon fi bers, nickel, and PPy, which generate heat in 
accordance with Joule’s law to enable heat transfer for triggering the shape recovery 
of the SMP matrix [ 185 – 188 ]. This, however, requires high loading amounts of the 
conductive fi ller. Lower loading with notable enhancement of shape recovery can be 
implemented through institution of nanofi llers (e.g., surface-functionalized carbon 
nanotubes) [ 185 ,  189 ]. 

 Most investigations to date  have   focused on thermoplastic SMP resins such as 
polyurethane SMP as an electroactive  SMP   composite. Its invention was basically 
the inception of biodegradable SMPs as intelligent polymeric materials for bio-
medical applications [ 190 ]. Thermoplastic SMPs, however, possess poor thermal 
and mechanical attributes. Investigators then looked toward polylactide (PLA) and 
its copolymers, but its use was limited by brittleness. Hiljanen-Vaino and co- 
workers [ 191 ] then improved the mechanical properties of PLA via polycondensa-
tion with ε-caprolactam, ensued by introduction of urethane linkages for chain 
extension to poly(ester-urethane). Raja and co-workers [ 185 ] then proceeded to 
delve into an investigation on the shape-memory capabilities of polyurethane-poly-
lactide (PU/PLA) blends, which saw the introduction of pristine and modifi ed car-
bon nanotubes (CNTs) via a melt mixing process. The electroactive and 
shape-memory properties of the composite were investigated. Modifi ed CNTs 
loaded into the PU/PLA blend furnished a signifi cant improvement in the mechani-
cal properties (tensile strength, dynamic storage modulus) and glass transition tem-
perature compared to the pristine CNT-loaded system, as enhanced polymer-CNT 
interactions were enabled. The fi ne dispersion of the modifi ed CNT in the matrix 
emanated in the formation of PU/PLA CNT nanocomposites with good electrical 
and thermal conductivity, which in turn enhanced the electroactive shape-memory 
behavior of the resultant composite (Fig.  3.11 ).
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3.8.7        EAPs as Artifi cial Muscles 

 Polymeric  actuators   can exceed the performance of natural muscle in a number of 
aspects; hence, their suitability for biomedical devices, medical prostheses, biomi-
metic robots, and micro-/nano-electromechanical systems. As mentioned, the 
sandwiched structure of the ionic exchangeable polymeric core and platinum 
electrode face sheets of IPMCs are the favored EAPs for electrically driven bend-
ing actuators. Wang and co-workers [ 192 ] developed a novel biomimetic artifi cial 
muscle based on a cross-linked ionic networking membrane of sulfonated 
poly(arylenethioethersulfone) copolymer (SPTES) and PVA. This muscle was 
designed to demonstrate electrically actuated bending deformation. Synthesis of 
the SPTES copolymer was via direct copolymerization of the sulfonated mono-
mers. This was followed by cross-linking with PVA via the dehydration approach 
with the cross-linking mechanism between the polymeric backbones highlighted in 
Fig.  3.12 . There is transformation of the hydrophilic (–OH) and (–SO 3 H) groups 
into the less hydrophilic (–OSO 2 –) sulfonic ester groups during dehydration. The 
cross-linking of PVA and SPTES molecules’ membranes minimizes swelling, in 
addition to altering the hydrophilic-hydrophobic balance inside the membranes. 
Ion-exchange processes and electroless plating achieved the fi nal electroactive 
PVA/SPTES actuator. Application of an electric fi eld to the IPMC caused cations 
within the membrane to carry solvent molecules in the direction of the cathode, 
with the ion movement instigating bending deformation and thus the actuation 
force.    The cross-linked PVA/SPTES membrane demonstrated signifi cantly 
enhanced proton conductivity and ionic exchangeable capacity compared to a 
Nafi on membrane (a sulfonated tetrafl uoroethylene-based fl uoropolymer-copolymer 
with conductive properties). The bending deformation of the PVA/SPTES actuator 
is larger, in the absence of straightening-back relaxation and harmonic responses 
under sinusoidal excitations in a wide frequency band [ 192 ].

PU/PLA/modified CNT composites (ULA-NTS10)

PU/PLA/Pristine CNT composites (ULA-NTP10)
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  Fig 3.11    Shape-memory 
effect of pristine and 
modifi ed CNT-fi lled PU/
PLA nanocomposites. 
Source: Raja et al. [ 185 ]       
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3.8.8        Advances in Electroactive Coatings 

 Investigations have focused on the formation of hybrids of conducting EAPs and 
hydrogels as soft electroactive coatings for enhancing the mechanical and electrical 
performance of metallic implant electrodes. These soft electroactive materials medi-
ate  the   mechanical mismatch between stiff metals and soft tissues. A challenge 
encountered is that it is diffi cult to achieve submicron coatings, using hydrogel fabri-
cation approaches, which results in bulky implants, displacing excessive tissue 
volumes. Baek et al. [ 193 ] addressed this concern by covalently bonding polymer 
brushes of poly(2-hydroxyethyl methacrylate) (pHEMA) to a gold electrode via 
surface-initiated atom transfer radical polymerization (SI-ATRP). Electropoly-
merization, through the brush layer, of the CP poly(3,4-ethylene dioxythiophene) 
(PEDOT), formed a thin hydrophilic coating (Fig.  3.13 ).  The   electrical properties of the 
hybrid were shown to be superior to homogenous conducting EAPs. The material 
formed had potential as a hybrid coating for bioelectrode applications and supported 
the attachment and differentiation of model neural cells.
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  Fig 3.12    Chemical structure and cross-linking mechanism of PVA/SPTES. Source: Wang et al. [ 192 ]       
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3.9         Conclusion 

 EAPs encompass a novel technology platform that holds pertinent potential with 
diverse industrial applications. This chapter highlighted their specifi c impact in the 
medical and pharmaceutical industries. The key to their success is their extensive 
versatility, with the choice of dopant being important for defi nition of the overall 
properties. In this chapter, an overview has been provided of all the factors implicit 
to the successful operation of an EAP-based delivery system or device. Stemming 
from this, a panoply of drug delivery systems and biomedical devices has been 
developed, demonstrating the intelligence of design inherent in these systems, 
which can ultimately enable patient-controlled electroresponsive bioactive release 
for the tailored control of the clinical response. This being said, these developments 
are not without their limitations. Developments, specifi cally in the design of hybrid 
nanocomposites, could see these hurdles overcome. It is clear that the future will 
bring further examples of EAP-based systems in nanorobotics, nanobiosensors, 
prosthetics, and responsive miniaturized delivery systems where “smart” capabili-
ties will be the name of the game.     
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Chapter 4
Characterization and Performance of Stress- 
and Damage-Sensing Smart Coatings

Gregory Freihofer and Seetha Raghavan

Abstract Mechanical enhancement of polymers with high modulus reinforcements, 

such as ceramic particles, has facilitated the development of structural composites 

with applications in the aerospace industry where strength to efficiency ratio is of 

significance. These modifiers have untapped multifunctional sensing capabilities 

that can be enabled by deploying these particles innovatively in polymer composites 

and as coatings. This chapter highlights some of the recent and novel findings in the 

development of piezospectroscopic particle-reinforced polymers as smart stress- 

and damage-sensing coatings. The sections in this chapter describe the piezospec-

troscopic effect for alumina-based particulate composites, show the derivation of 

multiscale mechanics to quantify substrate stresses with piezospectroscopy, and 

demonstrate their performance in stress and damage sensing applied to a composite 

material. The noninvasive instrumentation is outlined and discussed for current and 

future applications in the industry ranging from manufacturing quality control to 

in-service damage inspections.

Keywords

4.1  Introduction

Modern industry is advancing towards multifunctional composites to meet concur-

rently demanding needs. The concept of “materials as sensors” is presented here in 

line with this multifunctional approach of monitoring structures while reinforcing 

and protecting them through a novel combination of inherent and unique material 

materials as smart polymer coatings are used to engineer a high spatial resolution 

stress- and damage-sensing capability. This presents the potential for a novel, non-

contact monitoring technique to support advanced damage models for tracking 
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degradation leading to outcomes in accelerating composite development and struc-

tural health monitoring as illustrated in Fig. 4.1.

-

sions with a material’s state of stress [1]. It involves excitation of a material with a 

laser source and recording of the optical emissions. The technique is generally 

applicable to a surface measurement with some depth penetration depending on the 

transparency of the matrix and optics used to record the shifts of the emission spec-

-

stituents could either be deployed as a surface coating or a ply on a composite. 

Some common fillers used to enhance mechanical properties in structures, such as 

carbon fibers [2] and alumina [3

When these constituents are used within a composite, the resulting composite will 

4]. This presents 

a new and attractive concept for developing smart polymer composites and coatings 

for structures with inherent sensing capabilities.

The piezospectroscopic effect has been investigated extensively to support pres-

sure- and stress-sensing applications over the last few decades. The phenomenon 

was first widely used as a pressure sensor in diamond anvil cells [5] and for measur-

ing residual stresses in ceramic oxides [6]. Later, it was developed for an industrial 

PS Shift
Dn

Dn

PS coating

R-lines

PS Shift

PS particlePS inspection
equipment with

excitation source

Stress / damage
imaging with

optical emissions

Fig. 4.1 An illustration of a stress- and damage-sensing concept for application on aerospace 

structures using a smart piezospectroscopic coating
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7]. The stresses 

be used as a method to predict the remaining life and quantify damage. The afore-

mentioned examples pertain to chromium-doped alumina, a material with very 

8]. However, the method is similarly applicable to 

9] and 

aerospace [10] industry, respectively, to monitor residual stresses that arise during 

manufacturing. Work has also been done to observe the micromechanics of embed-

11], to assist in verification of analytical and finite element 

models [12, 13], and to investigate edge effects of standard compression tests [14, 

15]. Here, the application of smart polymer composites and coatings based on 

technique which is compliant and adaptable to a wide variety of structures and for 

structural health monitoring.

4.2  Alumina as Particulate Sensors in a Polymer Matrix

Alumina is a material of focus for piezospectroscopic sensing because of its strong 

16] from trace amounts of chromium leading to 

8]. In addition, this material presents multifunctionality 

in its mechanical properties when deployed as particulates in a polymer matrix [17]. 

coatings [18]. The same mechanics and concepts presented in this chapter for alu-

-

damage diagnosis using alumina as a leading example.

Alumina-based particulate composites have emerged as materials with excep-

tional mechanical properties to meet structural applications. They combine the dis-

similar mechanical properties between the polymer matrix and the ceramic to 

provide a unique and desirable mechanical response to external loading and allow 

for tailoring of these properties with volume fraction, particle sizes, and morphol-

ogy. Alumina is often introduced in coatings for tribological properties because of 

its extremely high hardness, wear/corrosion resistance, and thermal/electrical insu-

lation abilities. Here, alumina-based composite coatings are studied for their stress- 

sensing ability creating multifunctionality with mechanical property improvements. 

This section begins with a brief background into the role of alumina in enhancing 

mechanical properties of polymer composites and provides a vision for these struc-

tural coatings to be highly valued for their noninvasive stress-sensing abilities.

high strength-weight ratio properties that are ideal for applications in aerospace and 

defense. Some examples of these applications include lightweight armors requiring 

superior load bearing capability under external impact of blast as well as energetic 
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materials that require high amount of energy release with reduced sensitivity to 

impact [19–25]. In general, the addition of particles improves compressive strength 

[26] as seen in mechanical tests with applications such as elements for shock depol-

ing and lightweight armors [27]. Introduction of alumina nanoparticles has varying 

effects on fracture toughness [28] with general trends showing increases in the frac-

ture toughness. In addition, alumina composites have been observed to greatly 

increase wear resistance when made in compression molds [17] and more modestly 

increase wear resistance when casted [29]. The wear resistance for alumina compos-

ites increased 600 % when compared to unfilled samples [30]. Further increases in 

wear resistance by 3000 % were observed when the nanoparticles had irregular 

shapes [17]. Effects of surface treatment and smaller particles were also observed to 

increase wear resistance [29, 31]. The dynamic response of alumina- based particu-

late composites has been heavily investigated through experiments ranging from 

high strain rates. In these tests, shock profiles are used to develop response models, 

while recovered alumina fragments subjected to detailed characterization are the 

basis for damage models representing failure initiation and propagation [32].

The general outcomes of improved moduli and strength under loads are largely 

dependent on the material configuration. There are many related factors to consider 

when evaluating the mechanical performance improvements including: size [28, 

33–35], particle shape [36], surface treatment [33, 35, 36], and dispersion [33]. To 

hasten the optimization of these many factors, piezospectroscopy is becoming a 

valuable characterization technique to monitor particle dispersion [37] and can also 

be used to quantify load transfer across the particle-matrix interface [11, 38]. Here 

it can be seen that piezospectroscopy not only adds value to these polymer compos-

ites while they are in service but also in their development. Experimental character-

ization that enables the understanding of the microstructural response is key in these 

studies since microcracking and microplasticity play a role in the deformation and 

failure of these materials under various loading conditions [39–41]. An important 

aspect of creating a smart coating is to correlate the particle stress-induced shifts to 

the overall stress state of the substrate through the development of the relevant mul-

tiscale mechanics relations.

4.3  Multiscale Mechanics of Smart Piezospectroscopic 
Composites and Coatings

This section briefly addresses the mechanics associated with converting a photolu-

minescence signal from particulate sensors within a polymer into a usable stress 

measurement representing the substrate’s stress state. This starts with a background 

combined with analytical multiscale mechanics to produce a straightforward inter-
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The photo-stimulated luminescence of alumina comes from the interstitial Cr3+ 

ion embedded within the alumina lattice. When excited, typically with a visible 

under strain, it changes the energy levels of the ligand field surrounding the Cr3+ 

impurity and causes a frequency shift in the spectral peaks [1]. In a polymer com-

p) which are embedded within the matrix are poly-

properties for each individual grain are anisotropic, but the measurement volume 

-

σjj
p Πii

p −1)) 

∆ν) to σjj
p with a first order relationship. Sometimes 

it is more convenient to represent this relationship with strain. This conversion uses 

the relationship between the first invariant of stress and strain for isotropic materials 

σii = 3Kεii), where K is the bulk modulus.
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4.2) are set equal to each other. This is possible because ∆ν is originating from 

the same type of alumina constituent.
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4.3) signifies that an experimental measure of Πii
c can quantify 

the partitioning of stress from the composite into the particle. The load transfer from 

particle to matrix has been well described by analytical methods of Eshelby [42] and 

its derivative theories [43]. These particle load transfer theories are capable of cal-

culating σii
p when an arbitrary σii

c is applied. Using a modification to the Eshelby 

mechanics, which assumes that the matrix can be more accurately represented as the 

effective composite properties, the partitioning of the first stress invariant can be 
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derived [11, 44]. In some applications, as will be shown in Sect. 4.4, it is more  
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∆ν and the composite’s state of stress/

E and ν) between the 

c p). Therefore, the 

observation of Πii
c can quantify the composite’s elastic properties and can provide a 

measure of elastic degradation as illustrated in Fig. 4.2.

coating. A coating mechanics term has been derived [11, 44] which relates interfa-

cial strains between an isotropic coating and substrate system under plane stress.

 

e
e

n n n n n

n n n n
ii
c

ii
s

s s s s s

c c c c
=

- -( ) -( ) +( ) -( )
- -( ) -( ) +

1 1 1 1 2

1 1 1

2

2 (( ) -( )1 2n c

 

With relations representing the multiscale mechanics of the coating defined, vali-

dation of the piezospectroscopic coating’s stress-sensing capability was achieved for 

Fig. 4.2
[11]
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a standard composite coupon test through concurrent measurements with a technique 

of comparable spatial resolution, digital image correlation. This served as a technol-

ogy demonstration of the applicability and benefits of the smart coatings.

4.4  Technology Demonstration of a Smart 
Piezospectroscopic Coating

Open-hole tension testing for strength of aerospace structural composites is an 

important indicator of allowable stresses and sometimes is the limiting factor that 

drives design. Combining the unavoidable geometrical interaction with material 

properties, this test often serves as an early indicator of a material’s structural per-

formance [45]. Stress- and damage-sensing capabilities have an increased signifi-

cance in these tests with the greatest need being to capture the onset of damage and 

the evolution of material properties as the damage progresses. This test served as an 

excellent means to assess and validate the damage-sensing capabilities of the smart 

polymer-based alumina coating.

-

-

tional tape manufactured and tested in accordance with ASTM standards [46]. The 

sample was loaded using displacement control during holds to maintain constant 

substrate strain. During each hold, piezospectroscopic data was collected with a 

-

ments were taken concurrently on the opposing face of the composite coupon for 

4.3). The photo-stimulated luminescence spectra, over a measure-
2), was collected using a synchronized translation stage in a 

-

tial resolution can be adjusted to micrometer scales for specific applications.

The stress-sensing coating detected the onset of composite failure at 77 % failure 

load, earlier than standard DIC measurements, and subsequently tracked the distri-

bution of stresses within the coating in the immediate vicinity of the crack as it 

progressed. The early detection is indicative of how the technique is capable of 

sensing internal ply damage initiation from the stress relief of the particles attached 

to the surface as a coating, and this is a breakthrough that cannot be achieved with 

current techniques [46, 47].

to diagnose the damage. Unique to this experiment, spatial data was collected simul-

εb εb = ε1 + ε2 ∆ν). These were 

Πc) during in-situ mechanical load-

ing over a field of view as illustrated in Fig. 4.4. Interpreting this combination of 

collected data with multiscale mechanics is essential to adding value to the smart 

coatings. A series of ratios transform the physics and length scales into conventional 

engineering terms for structural engineers and is represented by Πc.
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collected on the back side of the composite substrate are shown

Fig. 4.4 The multiscale mechanics used to describe the relationship between piezospectroscopic 

shift and substrate strain
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to the loss of load-carrying capacity of the material. The unloading curves past this 

-

radation. These damage mechanics, applied over a field of view, create a damage 

map comprising the substrate’s degrading elastic modulus. This was evaluated from 

the experimental measurements in an innovative way as shown in Fig. 4.5 [47, 48]. 

Here, the unique capability of detecting local damage through the piezospectro-

scopic measurements is highlighted.

This novel mapping technique, which was conducted in conjunction with DIC 

and piezospectroscopy, quantified the damage for intrinsic patterns for the compos-

ite coupon. This includes initial fiber failure [49], transverse cracking [50], and 

intralaminar cracking [51] as illustrated in Fig. 4.6. This demonstration successfully 

showed these alumina-polymer nanocomposite coatings along with the appropriate 

technology.

with the current experimental setup and multiscale mechanics. The intrinsic damage 

patterns, listed here, are anticipated to locally degrade the elastic modulus greater 

than this uncertainty. The dominating contribution to this uncertainty is the ability 

resolution and signal quality. Further development of the instrumentation will lead 

to an uncertainty in the degraded elastic modulus which is low enough to detect 

initial matrix microcracking of the composite.

Fig. 4.5 a
b–f) Failure loads which 

exhibited significant progressions of damage are shown [47]
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4.5  Measurement Instrumentation for Piezospectroscopic 
Sensing

Along with the development of smart coatings, accessibility to piezospectroscopic 

measurements plays an important role in the successful transition to industrial appli-

cations where remote access and portability are key requirements. Fiber optics pro-

vides a remote capability to spectroscopy measurements. Laser excitation and the 

corresponding emission transmitted by optical fibers are the basis for recent efforts 

in the integration of a portable system for in situ spectroscopy [52] shown in Fig. 4.7. 

The portable spectrometer allows for the extension of the laser excitation and collec-

tion to be achieved outside of this, through fiber optic probes that enable coupling 

with mechanical testing instrumentation. This step forward has allowed for initial 

successful outcomes with the results presented herein that demonstrate the viability 

of the technique to join the ranks of noninvasive structural integrity monitoring 

methods existing today. The prototype system houses a number of components that 

were strategically chosen to optimize its performance while maintaining its porta-

bility. The overall system can be split into two major categories, the hardware and 

software. The hardware consists of seven main components: a spectrograph, charge-

equipment. Software programs are mainly used for data gathering from the CCD, 

Data collection of the photoluminescent spectra, from laser excitation of a sam-

ple over an area, can be configured using the synchronized translation stage in a grid 

Fig. 4.6 Quantifying and correlating damage for the composite with progressive modes of failure 

such as matrix microcracking, initial fiber failure, and intralaminate cracking of the various plies
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snake scan with high spatial resolution. Once a map is complete, the raw hyper- 

spectral data undergoes four major post-processing steps, which are exporting, fil-

tering, curve fitting, and plotting, before achieving a complete piezospectroscopic 

map. A combination of instrumentation and technique development will support the 

transition of smart piezospectroscopic coatings to meet a variety of industrial 

applications.

4.6  Conclusion and Future Outlook

An immediate application for these smart piezospectroscopic coatings is using them 

for enhanced damage diagnosis during coupon level testing. Monitoring the 

piezospectroscopic properties of a coated coupon with in situ mechanical loading 

gives a higher level of understanding into the progressive damage mechanisms asso-

ciated with advanced composites [46

during coupon testing in an attempt to gather more information on the mechanical 

properties of the materials. However, piezospectroscopy offers something unique in 

the fact that it can map degradation of material properties by using the multiscale 

mechanics derived in Sect. 1.3. This laboratory application offers an excellent step-

-

tural applications.

In the future, the smart piezospectroscopic coatings can serve as quality control 

and add value to the composites before they are even deployed into an application. 

This includes the measurement and determination of residual stresses and sensing 

of stress concentrations during curing or sintering processes associated with 

advanced manufacturing. Once deployed, value can be added to its capability of 

noninvasive measurements of stress through the utilization of a multifunctional 

property that is inherent to the material. These coatings can be strategically located 

Fig. 4.7
[52]
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in regions within a structure which are prone to various types of damage. The stress 

can be monitored in either real time with a fixed measurement device or for regular 

inspections using portable instrumentation.

Challenges to further extend the applications of these coatings towards a com-

mercially viable solution for stress and damage detection lie in two areas of techno-

logical needs. The first material gap in technology is in achieving advances in 

manufacturing methods for particle-polymer combinations that ensure more homo-

geneous dispersion of particles within the polymer and excellent adhesion between 

particle and the polymer matrix. This plays a major role of the sensing behavior 

both to achieve sensing to the maximum range of the substrate strength before fail-

ure and to demonstrate repeatable sensing behavior over several cycles. The second 

optics gap in technology lies in the speed of data collection through point-by-point 

detection that is achievable from the current prototype measurement. The benefits 

of high spatial resolution and multiscale sensing enabled through this novel approach 

can be retained while implementing an area sensing configuration to envision this 

innovation meeting needs of structural sensing for large-scale aerospace or civil 

engineering applications.

Stress- and damage-sensing smart coatings utilizing an alumina-polymer nano-

composite have been demonstrated to be useful for the diagnosis of intrinsic pro-

gressive failure in composite coupons. The applications for these coatings and 

composites to be deployed into structural applications for damage sensing were 

discussed and could be adapted to a variety of industries. The added value these 

limited to in-service damage sensing but also for manufacturing quality control. The 

calibration and testing of these coatings were shown in the technology demonstra-

tion to go hand in hand with the development of new composite materials.
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    Chapter 5   
 Smart Polymer Surfaces                     

       Juan     Rodríguez-Hernández    

    Abstract     The preparation of smart surfaces (i.e., surfaces exhibiting switchable and 
a priori contradictory properties) has been extensively pursued during the last decade. 
Their unique adaptability by property variation as a function of environmental 
changes has found multiple industrial applications in fi elds including sensoring and 
diagnosis or in the biomedical fi eld to promote, for instance, cell and tissue engi-
neering. This chapter will provide an overview of the main strategies reported to 
produce adaptive surfaces depending on the external stimuli employed to vary 
reversibly the surface properties. The variation of the surface topography at the 
micro- and nanopatterned interfaces will be described as an additional tool to sig-
nifi cantly alter the fi nal surface properties. Differentiation will be provided between 
the methodologies to prepare patterned surfaces as a function of their fi nal resolu-
tion. Finally, some of the applications will be highlighted in which smart polymer 
surfaces have been applied including wettability, biomedical purposes, sensoring, or 
smart adhesion.  

  Keywords     Polymer surfaces   •   Smart interfaces   •   Micro-/nanopatterned surfaces
   •   Stimulus responsive  

5.1       Introduction to Smart Polymer Surfaces 

 Smart polymer surfaces, also recognized under different names including stimulus- 
responsive surfaces and adaptive or intelligent surfaces, refer to those interfaces 
capable of undergoing reversible switchable transitions [ 1 ,  2 ]. The reversible transi-
tions observed in these interfaces are associated to environmental changes such as 
pH, temperature, or conductivity. Surfaces with a priori antagonistic behaviors that 
can be changed in an accurate and predictable fashion have increasingly received 
attention due to the novel requirements to advanced materials. In particular, such 
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interfaces may fi nd potential application in the fabrication of micro- and nanofl uidic 
devices, self-cleaning, and antifog surfaces along with sensor devices [ 3 ,  4 ]. In addi-
tion, stimulus-responsive surfaces have been employed to “mimic,” at least to some 
extent, biologically occurring processes. More precise examples include the modu-
lation of biological activity, protein immobilization or the control over cell adhesion, 
and migration processes [ 1 ].  

5.2     Stimulus-Responsive Polymers 

 Stimulus-responsive surfaces are created by  the   immobilization of stimulus- 
responsive polymers. Stimulus-responsive polymers exhibit fast and large changes 
on their conformation, charge, or solubility among others as a function of environ-
mental variations such as temperature [ 5 ,  6 ], ionic strength [ 7 ], pH [ 8 ], electric fi eld 
[ 4 ,  9 ,  10 ], light [ 11 – 16 ], or solvent exposure [ 2 ,  17 ,  18 ]. It is outside of the scope of 
this chapter to thoroughly revise the existing stimulus-responsive polymers but 
rather highlight those more extensively employed. Here below a general overview 
will be provided of the most extended responsive polymers that can be grouped into 
four different classes: pH-responsive, temperature-responsive, photo-responsive, 
and bio-responsive polymers. In addition, more complex systems will be presented 
in which the polymers can respond to more than one stimulus. 

  pH-sensitive polymers   are typically polyelectrolytes that accept or release pro-
tons in response to changes in environmental pH. Their side chain acidic or basic 
groups undergo reversible ionization and as a consequence they can be in a neutral 
or in a charged state. More importantly, changes between charged and uncharged 
sate signifi cantly varied the hydrodynamic radius. The positively or negatively 
charged functional groups along the polymer backbone provoke electrostatic repul-
sions that result in an increase in the hydrodynamic volume of the polymer. 

  Thermosensitive polymers   exhibit reversible solubility as a result of 
changes in hydrophobic–hydrophilic balance induced by increasing temperature. 
   Thermoresponsive polymers are typically uncharged polymers capable of forming 
hydrogen bonds with water molecules. However, upon increasing the temperature, 
the effi ciency of hydrogen bonding between the polymer and water is signifi cantly 
reduced. In this situation, a phase transition is observed in which the polymer 
changes from a hydrophilic state to a hydrophobic sate. In fact, above this critical 
temperature, referred to as lower critical solution temperature (LCST), the polymer 
dehydrates and aggregates.  The   phase separation is completely reversible and the 
smart polymer dissolves in water when the temperature is reduced below the transi-
tion temperature. Three families of thermosensitive smart polymers are widely stud-
ied and used. First of all, poly(N-alkyl-substituted acrylamides) and the most well 
known of them, poly(N-isopropyl acrylamide), have a transition temperature of 
32 °C (depending on the polymer’s molecular weight) [ 19 – 24 ]. The second example 
of these polymers is oligo(ethylene glycol) methacrylate (OEGMA) derivatives 
[ 25 – 29 ]. Finally, elastin-like polypeptides (ELP) are also among the most studied 

J. Rodríguez-Hernández



107

thermoresponsive systems [ 30 ,  31 ]. These linear polypeptides are composed of 
repeating units of the pentapeptide valine-proline-glycine-X-glycine (with X cor-
responding to any amino acid, except proline). 

 More recently other polymers with  an   upper critical solution temperature ( UCST) 
  have been equally described. For instance, poly[2-(methacryloyloxy)ethyl]-
dimethyl(3-sulfopropyl) ammonium hydroxide (PMEDSAH) has been reported by 
Azzaroni et al. [ 32 ]. This polymer forms zwitterionic PMEDSAH brushes with a 
particular complex temperature behavior that depends, among others, on 
PMEDSAH’s molecular weight and various inter- and intra-chain-associated states. 

  “Photochemical stimuli”  are  potentially   very useful in generating responsive sys-
tems. Photosensitive polymers react to light in different ways such as isomerization, 
elimination, photosensitization, and local heating [ 3 ]. An illustrative example of the 
complexity and degree of sophistication of multiresponsive systems has been 
reported by Sumaru et al. [ 33 ] where polymers possessing switchable properties via 
photochemical stimulation were prepared. These said materials were developed 
from the derivation of the thermally responsive  N -isopropyl acrylamide copolymer 
alongside a spirobenzopyran that was functionalized with acrylamide as can be seen 
in Fig.  5.1 . The resulting system merged to form a thermo/photo- responsive   polymer 
that, when irradiated or exposed to changes in temperature and pH, interconverted 
between two forms (neutral and zwitterionic).

  Fig. 5.1    Photochemically switchable polymers as prepared by Sumaru et al. [ 33 ], with proposed 
neutral, zwitterionic, and ionic states (I–IV)       
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   Some polymers are able to respond  to   static  electric fi eld s. In general, the wettability 
of different polymer fi lms in water increases by increasing the voltage between the 
water and an electrode placed below the polymer fi lm. One of the pioneering studies 
was carried out by Berge et al. who used poly(ethylene terephthalate) and observed a 
decrease on the contact angle up to 30° by applying high voltages [ 34 ]. More sophisti-
cated systems reported translocation of molecules upon reduction/oxidation resulting in 
the control of the reversible hydrophilic and hydrophobic properties of the surface [ 10 ].  

5.3     Modifi ed Polymer Surfaces: Smart Interfaces 

 A large variety of synthetic strategies  have   been developed for the fabrication of 
smart polymer surfaces. Examples of these procedures include the use of physisorp-
tion of copolymers either on an inorganic support or produced by surface segrega-
tion/surface rearrangement at polymer surfaces or by using grafting approaches [ 35 ]. 

 As a function of the type of polymer immobilized, surfaces with variable surface 
responsiveness can be fabricated. Herein, the main types of responsive surfaces as a 
function of the stimulus will be summarized. 

5.3.1     pH- and Temperature-Responsive Surfaces 

  pH-responsive surfaces   have typically been prepared by surface immobilization of 
polyacids or polybases. Examples of these include poly(acrylic acid) or poly(methacrylic 
acid) for polyacids [ 36 ] and poly(N,N′-dimethylaminoethyl methacrylate) 
(PDMAEMA), poly(N,N′-diethylaminoethyl methacrylate) (PDEAEMA), or poly(4- 
or 2-vinylpyridine) (P4VP or P2VP) as polybases. A recent example of pH-responsive 
surfaces has been reported by Chen and coworkers [ 37 ]. They  immobilized   poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA) brushes and gold nanoparticles 
(AuNPs) and evaluated the potential use of these surfaces as pH nanosensors. Based 
on the pH-induced swelling–deswelling of polymer brushes, they reported the variation 
of the optical properties of PDMAEMA–AuNP nanoassemblies (Fig.  5.2 ).

   Equally,    temperature-responsive surfaces have been typically fabricated using 
polymer brushes either with LCST or UCST properties. A large number of exam-
ples have been reported in the literature in this area. Selected examples include the 
work of Fu et al. [ 38 ] who fabricated a dynamic superhydrophobic/superhydrophilic 
surface. For this purpose, they synthesized a PNIPAAm brush on a nanoporous 
anodic aluminum oxide surface. In a similar context of control over the surface wet-
tability, Sun et al. [ 39 ] grafted thermally responsive PNIPAAm brushes on both a 
fl at and a rough silicon substrate. In this case a reversible, thermoresponsive system 
switching between superhydrophilic and superhydrophobic states was accom-
plished, supported by the microscopic roughness of the substrate. Similarly, the 
immobilization of thermoresponsive polymers on surfaces has been employed by 
Yamato et al. [ 40 ] to facilitate patterned cell seeding and coculture.  
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5.3.2     Photo-responsive Surfaces 

 Azobenzenes [ 41 ]  and   spiropyrans [ 42 ] are among the most extended molecules 
incorporated onto polymers to induce light responsiveness. Photo-responsive poly-
mers react to light in different ways following photoisomerization, photoreaction, 
reversible ionic dissociation, or the addition–fragmentation processes. These, in 
turn, have associated different chain movements such as twisting, rotation, or oscil-
lations. As a result, macroscopic properties can be modulated depending on the 
exposure or lack thereof to light. As an example of this behavior, Athanassiou et al. 
[ 43 ] investigated the wettability of photochromic spiropyran-doped polymeric sur-
faces. In the study, the team witnessed that irradiation via UV lasers augmented the 
hydrophilic properties as conversion to  polar   merocyanine isomers from nonpolar 
spiropyran molecules took place. It was also found that the process is completely 
reversible with irradiation provided from a green laser.  

5.3.3     Electroactive Interfaces 

 In  some   cases environmental changes such as pH or temperature could infl ict unde-
sired consequences on the morphology of the material. An interesting approach to 
induce dynamic changes on polymeric surfaces concerns the use of electroactive 
polymers. In this case, the environment remains unaltered (e.g., solvent, electrolyte 

  Fig. 5.2    pH dependence of the fl at PDMAEMA–AuNP nanoassemblies and its OPRG in terms of 
refractive indices for TM and TE polarization with various thicknesses. Inserted is the photographic 
image of WCA along with TM and TE directions on OPRG of the PDMAEMA brushes with 
284 nm thickness after aqueous solution treatment at pH 2. Reproduced with permission from [ 37 ]       
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content, pH, temperature, and pressure). Reversible changes of electric potential 
have been employed by Lahann et al. [ 9 ] to produce dynamic changes on the surface 
wettability. For that purpose, the authors prepared a single layer of (16-mercapto)
hexadecanoic acid (MHA). This molecule self-assembled as a single layer on gold 
with a carboxylate group (hydrophilic) capping the chain (hydrophobic), enabling 
the possibility for total system surface property alteration. Further, the molecules in 
question morphed from a hydrophobic to a hydrophilic state via the conformational 
transitions that took place (Fig.  5.3 ).

5.3.4        Solvent- and Environment-Responsive Interfaces 

 Switching of the conformation of surface-grafted polymer chains, essentially the 
surface properties can be accomplished by varying the solvent employed or the 
environment of exposure. An interesting example was reported by Chen et al. [ 44 , 
 45 ]. This group described a methodology for generating multiple patterns of poly-
meric brushes via an immersion in  a   graft polymerization/solvent bath. Specifi cally, 
PMMA brushes were utilized with their pattern variations observed when treated 
with both poor and excellent solvents. Solvent quality was found to be the determin-
ing factor in the conformational transitions of the polymeric system due in part to 
their solvent responsiveness. The use of self-assembled block copolymers [ 17 ] may 
additionally produce not only variations on the thickness of  the   polymer layer but 
drastically modify the surface structure observed as depicted in Fig.  5.4 .

    Surface reorganization   occurs when the environment of exposure is modifi ed [ 38 , 
 39 ,  46 ,  47 ]. This phenomenon can be observed not only in functional and block copo-
lymers but also in polymer blends and is driven by the difference in the surface ener-
gies of the components. When in contact with air, the low surface energy groups are 
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  Fig. 5.3    Schematic representation of the transition between  straight  (hydrophilic) and  bent  
(hydrophobic) molecular conformations. The precursor molecule MHAE, characterized by a bulky 
end group and a thiol head group, was synthesized from MHA by introducing the (2-chlorophenyl)
diphenylmethyl ester group [ 9 ]       

 

J. Rodríguez-Hernández



111

located at the surface. For instance, in the case of block copolymers, microphase sepa-
ration into alternating lamellae of the blocks may occur [ 47 ]. Substitution of the air 
with water vapor signifi cantly alters the hydrophilicity of the environment and favors 
the surface reconstruction, placing the hydrophilic groups in contact with the surface.  

5.3.5     Multiresponsive Interfaces 

 The examples  mentioned   above can produce reversible changes but are responsive 
exclusively to one kind of stimuli. More recent efforts have been focused on the 
design of interfaces able to simultaneously respond to more than one stimulus [ 35 , 
 48 ,  49 ]. One of the fi rst examples of multiresponsive surfaces was reported by Jiang 
and coworkers[ 50 ]. This group reported the preparation of a dual stimulus- 
responsive surface (temperature and pH) with tunable wettability along with revers-
ible switching between superhydrophilicity and superhydrophobicity (Fig.  5.5 ). 
Such surfaces were obtained by fabricating a microstructured poly(N-isopropyl 
acrylamide-co-acrylic acid) [P(NIPAAm-co-AAc)] copolymer thin fi lm.

   Other combinations of stimuli to produce multi-stimulus-responsive surfaces have 
been also reported including the work of Stayton and coworkers [ 51 ] using tempera-
ture- and photochemically responsive polymers or the work of Xia et al. [ 52 ] who used 
a block copolymer comprised of a pH-/glucose- and a  temperature- sensitive block. 
For instance, Stayton et al. [ 51 ] synthesized via conjugation a switchable (thermal/
photochemical) azopolymer (poly( N , N ′-dimethylacrylamide)- co -4-phenylazophenyl 
acrylate) to an engineered cysteine-containing endoglucanase enzyme. The resulting 
system exhibited opposing  responses   depending on the stimulus used to activate the 
“switch” (thermal versus UV–vis). The polymer–endoglucanase conjugate was active 
in glycoside hydrolase activity against  o - nitrophenyl-  D -cellobioside (ONPC) under 
UV irradiation at 350 nm but inactive for glycoside hydrolysis at higher wavelengths 
(420 nm). A related azopolymer–enzyme conjugate, poly(( N ,  N′ -dimethylacrylamide)-

  Fig. 5.4    AFM image of the tethered PS- b -PMMA brushes with 23 nm-thick PS layer and 14 nm- 
thick PMMA layer after.  Left : treatment with CH 2 Cl 2  at room temperature for 30 min and drying 
with a clean air stream.  Center : after treatment with cyclohexane at 35 °C for 1 h and drying with 
a clean air stream.  Right : after treatment with mixture of CH 2 Cl 2  and cyclohexane and % of cyclo-
hexane gradually increased [ 17 ]       
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 co -4-phenylazophenyl acrylamide)-graft- endoglucanase, was active under longer 
wavelength light but inactive under irradiation at 350 nm. The variation in the 
responses is due in part to the changing polarity/dipole moments preceding the photo-
induced trans–cis azobenzene isomerization.   

5.4     Patterned Responsive Surfaces: Micro- and Nanometer- 
Scale Topography 

 Micro- and nanostructuring of polymer surfaces has been developed in parallel to 
surface functionalization strategies and provides together new tools to researches 
for the preparation of surfaces with more sophisticated features. As an example, cell 
proliferation, differentiation, migration, or apoptosis is governed by chemical sur-
face cues placed in precise positions [ 53 ]. Moreover, the response of surfaces to 
external stimuli may be enhanced  by   surface structuring [ 50 ]. Many different pat-
terning alternatives are available nowadays to prepare structured interfaces with 
micro- to nanometer-scale moieties. The most extended methodologies include soft 
lithography (including microcontact printing), photolithography, ink-jet printing, or 
more sophisticated and higher resolution techniques such as laser-guided writing, 
block copolymer self-assembly, or scanning probe lithography [ 53 ,  54 ]. 

  Fig. 5.5    The contact angle varies reversibly, as depicted in the four different regions A to D, 
depending both on the pH and temperature       
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  Microcontact printing   has been extensively employed to precisely place stimulus- 
responsive polymers on surfaces. An illustrative example is depicted in Fig.  5.6  
where the immobilization of poly(N-isopropyl acrylamide) within micropatterned 
domains is shown. Their strategy involves two steps in which the 
3- aminopropyltriethoxysilane (APTES) is immobilized onto silica surfaces and 
then the thermoresponsive polymer is grafted to APTES-functionalized surfaces by 
carbodiimide-mediated coupling. More importantly, according to this study, the 
changes on the surface properties, driven by temperature, play a key role on the 
adhesion of model proteins as well as bacteria [ 20 ].

   Patterns of higher resolution,    down to their nanometer-size features, can be 
obtained by using other techniques such as scanning probe lithography (SPL) [ 21 ] 
or block copolymer self-assembly [ 36 ]. Stimulus-responsive, surface-confi ned 
poly( N -isopropyl acrylamide) (PNIPAAm) brush nanopatterns were prepared on 
gold-coated silicon substrates in a “grafting-from” approach that combines 
“nanoshaving,” a scanning probe lithography method, with surface-initiated polym-
erization using atom transfer radical polymerization (ATRP). The reversible, 
stimulus- responsive conformational height change of these nanopatterned polymer 
brushes was demonstrated by inverse transition cycling in water and water/metha-
nol mixtures (1:1, v:v). The study’s fi ndings are consistent with the behavior of 
laterally confi ned and covalently attached polymer chains, where chain mobility is 
restricted largely to the out-of-plane direction. This nanofabrication approach is 
generic and can likely be extended to a wide range of vinyl monomers [ 21 ]. 

 As an alternative to the use of  sophisticated   patterning techniques, several groups 
have employed self-assembling block copolymers to produce nanostructured sur-
faces [ 55 ,  56 ]. Within this context, Bousquet et al. [ 36 ] reported the preparation of 
stimulus-responsive surfaces produced by surface segregation of block copolymer 
micelles. The design is based on homopolymer/block copolymer blends. The block 
copolymer employed, PS-b-PAA, migrates toward the interface upon water vapor 
annealing and produced two different nanometer-size structures (hills or holes) 
depending on the pH (Fig.  5.7 ).

  Fig. 5.6    Microcontact printing of gold surfaces and surface-initiated ATRP of N-isopropyl acryl-
amide [ 20 ]       

 

5 Smart Polymer Surfaces



114

5.5        Applications of Smart Polymer Surfaces 

 Smart polymer surfaces have found potential applications in many different fi elds. 
Herein, this discussion will be limited to some of the following selected examples. 

5.5.1     Controlled Wettability 

  Surface wettability control   is among the most sought after applications of polymer 
surfaces. Light-responsive [ 11 ,  12 ] or pH- and thermally responsive [ 6 ] polymers 
have been largely investigated for this purpose. Sun et al. [ 6 ] explored the role of the 
roughness-enhanced thermally responsive wettability of a poly(N-isopropyl 
acrylamide) (PNIPAAm)-modifi ed surface. Most notably, reversible switching 
between superhydrophilicity and superhydrophobicity in a system is possible within 
a tight thermal span of approximately 10 °C, due to the surface chemical 
composition’s synergistic effect as well as its roughness (Fig.  5.8 ).

   Light can be equally employed to induce changes on the surface wettability and 
can even direct the movement of water droplets. A totally synthetic molecular sys-
tem was created by Berna et al. [ 15 ] in which external energy (light) is converted 
into biased Brownian motion, capable of moving macroscopic loads and completing 

  Fig. 5.7    AFM images of polymer blends having 20 % of a diblock copolymer and 80 % of poly-
styrene taken at ( a ) basic pH and ( b ) acid pH. The diblock copolymer employed was asymmetric 
PS 49 -b-PAA 17  [ 36 ]       
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  Fig. 5.8    Surface roughness-enhanced wettability of a PNIPAAm-modifi ed surface. ( a ) The rela-
tionships between groove spacing (D) of rough surfaces and the water CAs at low temperature 
( triangles , 25 °C) and at high temperature ( squares , 40 °C). The groove spacing of ¥ represents fl at 
substrate. ( b ) Water drop profi le for thermally responsive switching between superhydrophilicity 
and superhydrophobicity of a PNIPAAm-modifi ed rough surface with groove spacing of about 
6 mm, at 25 °C and 40 °C. The water CAs are about 0° and 149.3 ± 2.5°, respectively. ( c ) 
Temperature (T) dependences of water CAs for PNIPAAm thin fi lms on a rough substrate with 
groove spacing of about 6 μm ( triangles ) and on fl at substrate ( squares ). ( d ) Water CA at two dif-
ferent temperatures for a PNIPAAm-modifi ed rough substrate with groove spacing of 6 μm. Half 
cycles, 20 °C, and integral cycles, 50 °C [ 6 ]       

quantifi able work. The millimeter-scale surface movement of a liquid is achieved 
through  biased   Brownian motion of stimulus-responsive rotaxanes (“molecular 
shuttles”) that either reveal or hide fl uoroalkane residues, thereby modifying its 
surface tension. The collaborative working of a molecular shuttle monolayer is 
enough to fuel a diiodomethane microliter droplet’s travel up an incline of 12°.  

5.5.2     Bio-related Applications 

 Surface  modifi cations   incorporating temperature-responsive polymers have been 
carried out in order to immobilize specifi c molecules or to manipulate cell sheets in 
tissue engineering processes [ 1 ]. In this sense, the application of temperature- 
responsive polymers to modifi ed surfaces exploits the fact that most proteins show 
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signifi cantly greater adsorption on hydrophobic surfaces than in hydrophilic ones. 
Above the LCST, the polymer will adsorb peptides and proteins from a solution, 
and these biomolecules can be desorbed by decreasing the temperature as has been 
done in chromatographic supports incorporating PNIPAAm while using water as an 
eluent [ 49 ]. 

 Tissue engineering applications have also  been   explored mainly using thermore-
sponsive polymers [ 57 – 59 ]. Typically, mammalian cells are cultivated on hydro-
phobic solid culture dishes and are usually detached from it by protease treatment. 
This treatment is ineffi cient since it causes damage of the cells. However, the change 
in surface properties of the thermoresponsive polymers, from hydrophobicity dis-
played above the critical temperature to hydrophilicity shown below it, has been 
used in tissue culture applications. The surface of tissue cultured with polystyrene 
grafted with PNIPAAm allows cells to adhere and proliferate above the LCST of the 
polymer whereas cell detachment was detected at temperatures below LCST [ 40 ]. 
Indeed, at temperatures above the LCST [around 37 °C, for a substrate surface 
coated with grafted poly(N-isopropyl acrylamide)], the surface is hydrophobic 
because this temperature is above the critical temperature of the polymer and the 
cells grow well. However, when the temperature is decreased to 20 °C, this results 
in the surface becoming hydrophilic, allowing the cells to be easily detached with-
out any damage while maintaining the cell–cell junction. Similar strategies have 
been proposed to control the adhesion of microorganisms to synthetic surfaces [ 48 ].  

5.5.3     Sensors 

 The  surface   changes associated to external stimulus can also be employed for the 
design of biosensors. Particularly interesting are those systems sensitive to impor-
tant biomolecules. Among the pioneering studies [ 60 ,  61 ] was the immobilization 
of glucose oxidase onto a porous polycarbonate membrane with a grafted pH-
responsive poly(acrylic acid) (PAA) layer. Densely charged PAA polymer chains 
were observed in a neutral pH environment and displayed an extended conforma-
tion. In this situation, the pores of the membrane are blocked, preventing insulin 
transport. Upon exposure to glucose, the pH decreases and the polymer chains 
become protonated and adopt a more compact conformation. Further, pore blockage 
 is   reduced and insulin is transported through the membranes. 

  Optical sensors   have been also developed using similar strategies [ 62 ]. For 
instance, Chen et al. [ 37 ] synthesized silicon wafers containing well-defi ned 
PDMAEMA and described PDMAEMA chains immobilizing AuNPs onto macro-
scopic surfaces through pH-responsive polymer brush exploitation. Control of the 
mean refractive index (RI) of the PDMAEMA–AuNP nanoassemblies is possible 
via the one-dimensional periodic relief grating (OPRG) structure’s fi lling factors, 
thus creating the desired stimulus-induced RI distribution for the polymer brush–
gold OPRG. Such were used for the fabrication of pH nanosensors which were com-
posed of PDMAEMA–AuNP nanoassemblies and its binary gratings through the 
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exploitation of the swelling–deswelling capabilities of the pH-responsive polymer 
brushes alongside PDMAEMA–AuNP nanoassemblies’ tunable optical properties.  

5.5.4     Smart Adhesives 

  Reversible adhesives   have been developed for industrial, consumer, and military 
settings. These systems have been studied based on spreading velocity of liquids on 
a liquid crystalline polymeric surface’s liquid spreading velocity, which is extremely 
sensitive to minute thermal variations. Crevoisier et al. [ 5 ] detected a sharp change 
in rigidity (stiff to soft) as well as tackiness of the liquid crystalline polymer when 
observing its bulk transition between a highly ordered smectic and an isotropic 
phase. Today, light‐switchable adhesives are commercially available and have been 
demonstrated their practicality within the paper, graphical, and electronic industries. 
Furthermore, they can fi nd uses as tapes within industry, as adhesive foils that 
de-bond when required, or for products that require skin friendly removal [ 63 ].   

5.6     Conclusion and Future Outlook 

 This chapter provides, through selected examples, a general overview over stimulus- 
responsive polymers and their use to prepare smart interfaces. This chapter reviewed 
the most extended strategies employed to prepare surfaces so as to modify their 
properties as a function of a particular external stimulus. Moreover, the control over 
their surface distribution can additionally enhance the variations of the surface 
properties. The main strategies to produce micro- and nanostructured interfaces 
have been equally introduced. Finally, this chapter concludes with the main areas in 
which stimulus-responsive surfaces have introduced signifi cant advantages over 
previous polymeric systems.     
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Chapter 6
Smart Textile Transducers: Design, 
Techniques, and Applications

Lina M. Castano and Alison B. Flatau

Abstract Smart textiles are emerging technologies with numerous applications and 

technical advantages. These are textiles which have undergone alteration in order to 

be utilized as sensors, actuators, and/or other types of transducers. Sensing and actu-

ation features can be imparted to fabric substrates by applying intelligent coatings 

such that they will be sensitive and/or reactive to more than one type of stimulus, 

(e.g., chemical or physical). Smart coating polymers applied to fabrics include 

inherently conductive, semiconductive, and particle-doped polymers. These coat-

ings can be piezoresistive, magnetoresistive, piezoelectric, photochromic, and sen-

sitive to chemicals, gases, changes in humidity, and temperature, among others. In 

this chapter, an overview of the smart textile transducer elements, textile platforms, 

application techniques, and construction methods will be presented. Multiple appli-

cations have been inspired by the lightweight and compliant characteristics of smart 

textiles: industrial (i.e., uniforms), aerospace (i.e., space suit liners), military (i.e., 

soldier gear), and medical (i.e., patient garments), among others. These applications 

will define the current development of smart textile technologies and will be further 

discussed in this chapter. Furthermore, design principles and challenges associated 

to coating technologies as applied to textiles including surface treatment for strong 

adhesion, durability, and environmental/mechanical constraints are introduced. 

Future trends will arise from the integration of novel technologies into portable 

platforms with intelligent polymer coatings, alongside development of wearable 

technologies for fast input/data processing and streamlined user interfaces.

Keywords

L.M. Castano (* *)

 

e-mail: linacs@umd.edu; linacastano1@gmail.com; aflatau@umd.edu

mailto:aflatau@umd.edu
mailto:linacastano1@gmail.com
mailto:linacs@umd.edu


122

6.1  Introduction: Overview of Polymer-Based Textile 
Transducers

In the era of personalized electronics, textiles have become the perfect platform to 

integrate new technologies into everyday life. These materials have advantages over 

conventional electronics and have introduced an entire genre of applications. These 

range from interfaces with personal electronics to stand-alone soft circuits and are 

found to be useful in different sectors such as the military, medical, and civilian 

fields. Seamless integration into daily life is made possible with platforms that can 

blend into ubiquitous items such as clothing, furniture, and other textile-based arti-

cles. This inherent nearness to the subject opens a unique functionality for fabric- 

based transducers (SFTs). These may be sensors, actuators, batteries, and energy 

generators, among others.

Textile transducers consist of fabrics which have been modified, altered, or 

crafted to have transducer capabilities. Sensors, actuators, and other types of trans-

ducers can be fully or partially based on textile structures and platforms. Several 

techniques and materials can be used to bestow transducer qualities onto textiles. 

-

tion. Textiles can either be coated with or made out of polymers with different types 

of transducer qualities. For instance, polymers which are sensitive to changes in 

temperature, humidity, pressure, light, and more can be used to coat fabric sub-

strates of interest or can be extruded into fibers and yarns which can later be used to 

construct textiles. Textile substrates and structures are the underlying foundation of 

polymer-based transducers as they determine the mechanical and electrical proper-

ties of the resulting transducer, among others [1].

Fabrics are structured fibrous materials which are typically ordered hierarchically 

2]. Fibers, which typically have a high aspect 

larger surfaces can also be compounded to form composite fabrics. Transducer quali-

ties can be introduced at any point of this construction and are not limited to the 

larger structures but can also be used at lower hierarchical levels. For instance, a 

polymer-based textile gas sensor would benefit more from coated tufted fibers which 

-

construction has different mechanical properties and therefore different applications. 

contain additional chemicals and have less available surface for coatings, as they are 

typically compressed and chemically modified materials. Composite substrates may 

be useful when forming local electronic components such as fabric capacitors, as 

well as other types of macro-electronic sensing devices such as tactile sensors.

In addition to the platform considerations at all levels of the fabric construction, 

divided into three groups: geometrical, physical, and chemical. Length, cross- sectional 

area, and crimp are the three geometrical factors that describe the fiber dimension and 
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form [3 -

ronments, reducers, and oxidizers, among others. The polymer chain’s organization 

(i.e., domains that are crystalline or noncrystalline) will dictate the fibers’ physical 

properties [3]. The interactions displayed by interface of the polymer and the surface 

of the fabric at a molecular level will determine the final properties of a coated trans-

ducer [ ] as well as one made from the polymer material alone [5]. Chemical as well 

as physical bonds may be established between polymers and fabrics, depending on the 

surface chemistry of each. Interactions of textile molecules with the polymer can occur 

by means of hydrogen bonding, van der Waals forces, or covalent interaction, among 

from synthetic fibers. Synthetic fibers are mostly hydrophobic and therefore more 

mechanically stable; natural fibers however are hydrophilic and therefore less mechan-

ically stable [6]. These factors are very important when considering that most of the 

polymer-based textile transducers are to be interfaced with telemetry devices or per-

these factors require consideration when building the textile polymer transducer.

fabric surfaces or textile structures made out of sensing polymer materials. They can 

the sensing polymer has been encapsulated or mounted on textile substrates by 

e-textile techniques (Fig. 6.1). In particular for sensor applications, the polymers 

able to sense changes in mechanical pressure, temperature, electric charge, mag-

netic fields, amount of chemical compounds, and intensity of visible light. The 

mechanisms for energy transduction and therefore sensing of these parameters may 

stem from changes in polymer electrical resistance, shape, chemical composition, 

and color. The sensing mechanisms can be inherent or enabled through chemical 

and molecular modifications.

-

]. They can also 

become a less expensive and ubiquitous alternative. The disadvantages include 

environmental stability, wear and tear, washability, and encapsulation, as well as 

data acquisition interfacing.

6.2  Design Principles, Intelligent Polymer/Coating Materials, 
and Construction Methods

6.2.1  Design Principles

The design of textile transducers needs to start from the end product, application, or 

realizable. The set of constraints will start from heuristic evaluations and become 

6 Smart Textile Transducers: Design, Techniques, and Applications



more deterministic as the design process moves forward. This approach is rather dif-

elements needed depend on an initial deterministic design and are not determined a 

priori. This is due to the nature of the textile platforms and compatible elements, 

semi-wearable platforms to completely static ones. These will determine platform 

characteristics such as substrate flexibility, stability, environmental constraints, level 

of user input, and interaction, as well as sensor characteristics such as sensor type, 

polymer sensing materials, sensitivity, and robustness, among others. The choice of 

textile substrate, textile structures, and sensor materials will also determine the neces-

sary connections, connectors, bonding agents, sealing or encapsulating mechanisms, 

and any additional elements necessary to fulfill the mechanical and environmental 

requirements. The application constraints will also determine whether the textile 

transducer needs to have a stand-alone electronic system for data acquisition and 

-

6.2.

constructed by either coating textile substrates with specific types of polymers 

Fig. 6.1 Textile sensors: (a) thermochromic sensing fibers, with permission from [ ]; (b) e-textile 

8]; (c
fabric [9]; and (d 9]
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responsive to different types of stimuli or by fabricating fibers, yarns, or other tex-

tile structures out of polymers with sensing properties [1

sensors may also consist of miniature rigid electronics with encased or encapsulated 

polymers which may have openings in order to be able to react to light, gases, or 

other stimuli. This is an adaptation of conventional sensors to textiles or e-textiles. 

Coatings are typically composed of polymers which are responsive to different 

inputs such as strain, humidity, and pressure. The textile substrate usually serves as 

mechanical platform or is part of the sensing mechanism. For instance, strain sen-

sors require for the textile substrate to allow for in-plane stress to produce variations 

material be responsive to out-of-plane stress.

Cover factor, C, which provides a quantifiable value for fabric openness, air per-

meability, and resistance to moisture, should be considered prior to coating a fabric 

substrate. This factor indicates the degree to which the coating can go through the 

fabric, having an impact on how well the coating will adhere to the substrate [11]. 

Consider a woven fabric composed of a warp fiber and a filling yarn. The cover fac-

6.1) [ ]:

 
C w d f d w f d dw f w f= + -( )* * * * *

 
(6.1)

Fig. 6.2
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where w is the number of warp threads per inch, f is the filling threads per inch, dw 

is the diameter of warp yarn in inches, and df is the diameter of the filling yarn in 

-

ing factor, PF 6.2) [11]:

 

PF
fabric density

fiber density

W V

W V

V

V
fabric

fiber

fiber

fabr

= = =
*

* iic  

(6.2)

where W is the total combined weight. The porosity, P, is complementary to the 

-

ums, Darcy’s law can be utilized in modeling the penetration of the coating, where 

the porous media’s average velocity is proportional to the fabric substrate’s vertical 

pressure gradient. Rheology and surface chemistry will also dictate the uniformity 

and smoothness of the coating. Furthermore, other material parameters to be con-

sidered when applying this technique are viscosity, specific gravity, surface tension, 

and shear. This is all in reference to the critical step necessary to achieve a uniform 

surface tension causes coating craters and very low viscosity causes sagging. This 

6.3) where the leveling half time T1/2 of 

]:

 

T
L

h
m
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4

3
/ μ

h
g
l

 

(6.3)

where g  is the surface tension, hL  is the viscosity, l  is the striation wavelength, 

and hm  is the mid-coating penetration distance. Thixotropic effects need to be con-

also appear in the coating for other reasons, such as when the difference between the 

elastic modulus of the coating layer and of the substrate is too large [12], the coating 

suffers a deformation over its maximum elongation or when the coating is brittle or 

loses its natural moisture causing a decrease in its elastic behavior.

variables: the yarn/fabric substrate’s internal geometry and mechanics, composition, 

elasticity, the coating’s consistency, and sensing characteristics as well as the method 

employed. Coating permeation of the substrate will determine the sensor’s proper-

ties and how well one adheres to the other, conforming to the application-dependent 

specifications. For instance, coatings which are activated upon stress inputs need to 

be well bonded to the textile surface to produce the desired strain sensitivity. 

Techniques used to improve adhesion of fibers in fiber-reinforced composites can be 

applied to improvement of adhesion of sensor coatings. The alteration of the surface 

layer’s chemical and physical structures, tailoring the fiber matrix bond strength, or 

-

tion can be categorized into multiple different methodologies including mechanical, 

chemical, combustion, and plasma [3].
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6.2.2  Intelligent Polymer Coating Materials and Construction 
Methods

6.2.2.1  Materials

-

ently reactive or can be doped with particles to allow for sensitivity to different 

stimuli such as temperature, pH, mechanical forces, electric currents, magnetic 

fields, light intensity, analytes, ions, gases, temperature, and so on. They can be 

organic compounds with modified functional groups or with particulate inclusions 

which have been dispersed within a matrix. These particulates range from micro- 

in textile sensors can be found in a variety of forms including solutions, pastes, gels, 

13]. The methods 

by which these polymers are coated onto textile structures will also determine the 

final sensor characteristics. Reversible as well as nonreversible sensing properties 

are found among the different sensing techniques.

Fabric textile sensors resemble mechanisms used in conventional electronics but 

have also expanded these conventional transducing mechanisms to a variety of 

direct and indirect measurements of physical quantities. Table 6.1 illustrates the 

many types of transduction mechanisms which are possible with polymer textile 

sensors.

capacitive, electromagnetic, or optical origin. For instance, fabric pressure sensors 

based on capacitive mechanisms resemble conventional mechanisms in that textile 

surfaces acting as plates are coated with conductive polymers, and a textile spacer is 

used as a dielectric. However, pressure can also be sensed by distinguishing resonant 

frequency variations of fabric-based antennas, which is not a conventional method. 

Chemical sensors which use gas, pH, and analyte sensing polymers are made by 

-

tion and binding [35], as would be conventional. However, novel sensing properties 

can be given to the polymer by manipulating its solubility, hydrodynamic volume, 

chain configuration, and conformation. Sensing polymer systems can be made from 

semiconductor, semiconducting metal oxides, electrolyte solids,  insulating materials, 

metals, and catalytic components, as well as organic semiconductors and membranes 

[36]. Most of the solid state sensing mechanisms are based on catalytic reactions 

produced by catalysts present in the base polymer or added catalysts. Ion exchanges, 

and oxidation reactions, are also possible sensing mechanisms of sensing polymers 

2

-

tance. Many more examples of sensing polymer coatings are found in the literature 

for detection of humidity [ ], gases [31], chemicals [38], analytes [36], pressure, 

strain [1], and polymer optical fibers with multiple sensing features [39].

6 Smart Textile Transducers: Design, Techniques, and Applications
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can be employed in a vast array of applications because electrical resistance oscil-

lation correlates well to variations in mechanical pressure, strain, light, analytes, 

-

capable of changing shape or dimensions in response to an applied stimulus. 

-

ing applications [

activation [

-

electric, electrostrictive, electrostatic, ferroelectric, and dielectric elastomers. 

6.2.

polyaniline, polythiophenes, and all their derivatives, as they are sensitive to a large 

polymer with elevated conductivity and excellent environmental stability. It is eas-

ily produced, has good adhesion, and is nontoxic. Generally, they are synthesized 

via chemical polymerization or oxidative coupling of the monomer, pyrrole, or ani-

line [

2 2, H2 2, and CH , and humidity lev-

textile coating possibilities. Through electrochemical deposition and spinning tech-

levels of biological compounds such as glucose and triglycerides, as well as many 

chemical vapors including aliphatic alcohols, ammonia, methanol, ethanol, propa-

nylon, wool, acrylics, cotton, silica, and glass are some of the materials that have 

has electrical conductivity properties, good solubility, outstanding electrochemical 

and thermal stability, and additional optical properties [32]. Microelectronic strain 

] and can 

added mechanical resilience of elastic nonconducting matrices. Such materials are 

composed of semiconductive or metallic filler along with a nonconductive insulating 

matrix. The particle inclusions can be of any size and morphology such as nanotubes, 
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-

erties due to conduction effects present at the nanoscale such as electron tunneling. 

], can be immersed in matrices such as 

epoxies, gels, styrene-butadiene copolymers, and siloxanes which can then be 

applied to fabric substrates to construct the textile sensor.

6.2.2.2  Construction Methods

-

have been developed, and integration elements such as connectors and interfaces 

need to be chosen accordingly. These steps are outlined in Fig. 6.3.

Table 6.3 describes some of the most common methods for polymer coating onto 

different substrates. The technique to be chosen is dictated by the applied polymer’s 

characteristics (chemical or physical). For instance, less viscous polymers can be 

applied using techniques such as sputtering or electrodeposition. The fabric application 

-

troplating, electrochemical deposition [56 ],  electrospinning, 

], micro-contact printing [58], spraying [59], wet spinning 

[11

25 11], soft 

lithography [

magnetorheological, electrorheological, visible light sensitive/photoresponsive, self-

oscillating, electrostrictive, pH sensitive, humidity sensitive, and electrochromic [61]. 

-

cal tension, porosity, moisture resistance, and fabric permeability.

Fig. 6.3 Fully functional textile sensor construction process
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6.3  Applications: Industrial, Aerospace, Military, 
and Medical

Smart fabric transducers have applications in many different fields. The advantage 

of lightweight components, compliant characteristics, and nearness to the wearer 

allows for numerous application possibilities. The following sections provide an 

overview of applications in the industrial, aerospace, military, and medical fields.

Table 6.3 Coating and fabrication techniques for sensing polymers and fabrication

Techniques and 

description Description

Dip coating Insertion and removal of substrate from a 

coating bath

a

and impingement on substrate

b

Chemical 

polymerization

Typically in situ oxidation of monomer solution 

produces polymerization

c

Spin coating High-speed centripetal distribution of fluid 

coating onto substrate surface

d

Spinning technique which uses electrostatic 

forces to produce fine fibers from polymer 

solutions

e

Screen printing Coating is transferred by means of a flexible 

blade, onto a porous printing plate through a 

stencil

f

Solution casting Thin-film formation around a mold when 

immersed in polymer solution

g

Chemical vapor 

deposition

Deposition of layers of polymer compound 

through chemical reactions in a gaseous medium 

surrounding the component at an elevated 

temperature

h

deposition

Coating deposited by simple electrolysis on 

substrate

i

Metallic coatings are formed as a result of a 

chemical reaction between the reducing agent 

present in the solution and metal ions

j

Sputtering Ion momentum transfer process between anode 

and cathode from plasma

Sol-gel coating Coating which undergoes a transition from 

colloid with suspended particles to solid when 

coated

Sol-gel phase 

polymersl

a[ ], b[ ], c[28], d[ ], e[ ], f[ ], g[ ], h[51], i[52], j[53], [ ], l[55]
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6.3.1  Military and Aerospace

In the race for better battle equipment, sensorized garments can be used to improve 

]), 

the incorporation of sensors and a means for transmission of the sensed information is 

a relatively new trend made possible by smart fabrics. The expectation is that sen-

sorized fabrics will further increase soldier security and survivability by transmitting 

information about the soldier and his/her environment. Winterhalter et al. [62] describe 

fast reaction mechanism for the monitoring of a soldier’s vital signs and psychological 

condition. Their concept employs the battlefield dress uniform as an electronic net-

to monitor the health status of the soldier, reporting on injuries and transmitting data 

automatically for a safe and rapid response [63]. Future warrior systems [ ] will fea-

chemical/biological weapon’s use, harvested energy battery power, personal physio-

-

dier’s personal computer to assist in situational awareness and understanding of 

strategies and deployment. Some of these soldier aids may be realizable with e-tex-

tiles, for instance, textile antennas for communications and novel textile conductive 

cables (Fig. 

of textile sensors and could be used to power the soldier’s electronic devices.

In the next generation of army uniforms and equipment, nanotechnology is sure 

to be incorporated. Garments that are chemically protective and self- decontaminating 

overgarments can be produced with the aid of nanotechnology, e.g. (Institute for 

63], shielding the soldier from deadly microorgan-

isms or deadly chemicals. It has been shown that many inherently conductive poly-

of applications [66]. Some of the toxic gases which can be detected include ammo-

63]. Modified clad-

ding materials can also be used to detect changing environmental conditions by 

-

applied to military shelters, such that they can blend in with the environment, change 
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shape, repel chemicals, and provide protection from heat sensors or electromagnetic 

detectors [ ].

Smart fabric transducers also have promising aerospace applications that could 

possibly improve crew safety and reduce mass, power, and volume requirements of 

-

tons and sliders made out of fabric switches. Fabric sensors can be used in robotic 

68]. Fabric 

the astronaut’s inner garments that would sense contractions within the muscles. 

The astronaut would only need to slightly move their hand/arm to carry out com-

mands instead of the need to reach for external controls. Health monitoring to pre-

69

metabolic activity in leg muscles. Inflatable habitats targeted for space exploration 

could also greatly benefit from integrated fabric sensors [68].

6.3.2  Medical

Smart fabric transducers are being used for short term as well as long-term monitoring 

of patients. In general, patients want to be treated at home and with as little discomfort/

inconvenience as possible. Many ambulatory medical devices can achieve such goals 

by means of wireless communications and friendly graphical user interfaces [ ]. 

Wearable wireless devices can be connected to storage devices for off-line medical 

analysis, or they can stream sensor data for real-time medical monitoring and guidance 

[ ]. However, long-term monitoring is challenging due to the requirements that the 

sensors must have. These requirements include portability, lightweight, softness, and 

Fig. 6.4 (a ]; (b) fabric data connector, with permis-

sion from [65 c
from [62 d
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robustness. Fabric-based systems fulfill these requirements as they can be worn com-

fortably for long periods of time. They are particularly useful when monitoring chronic 

diseases, the handicapped, the elderly, or a heart condition. Multiple investigations 

monitoring disease evolution and progression [ ]. Systemic blood pressure monitor-

ing can detect essential hypertension and can be a predictor of peripheral-organ dam-

age. Safety monitoring and software-assisted physical therapy also benefit from textile 

sensor platforms [ ]. Given the impact that continuous monitoring has on healthcare, 

prevention, therapy, and assistance, a number of smart fabric-based initiatives have 

been explored. For instance, a cluster of seven projects including MyHeart [ ], 

], and 

] addressed smart fabrics and interactive textiles for wearable sys-

tems. These projects had the goal of providing integrated health monitoring, such as 

-

ture, and chemical sensors. Heart rate and respiration patterns can also be measured 

[

drift and hysteresis after compression remain to be a huge downside to foam. Several 

-

trodes. Knitted conductive yarn, embroidered stainless steel yarn [81], metal-coated 

] electroless plating are some of the materials 

-

cates gland activity usually associated with psychophysiological activity [82].

normal activities (Fig. 6.5 -

sure insoles for shoes [86], arm and elbow angle sensors [

sensors [ ], and electrical conductivity armband sensors [88]. These are all sensors 

that are affixed to a person’s garments (Table 

]. However, there 

are also sensors which can be placed in the environment with which the patient 

interacts as exosensors. These can be integrated for instance into a mattress pad or 

a sheet liner used on hospital beds to record body motion or posture. Complete body 

posture monitoring on hospital beds has been achieved using force-sensitive resistor 

(FSR) distributed sensors [89]. Sitting postures can be characterized with 

 silver- coated fabric sensor arrays [

quality of the air and environmental monitoring. Fabric sensors can be constructed 

to detect the presence of harmful or carcinogen substances [56]. The development 

of better and healthier garments is also a possibility [118].

6.3.3  Civil and Industrial

Smart fabrics are being used to redefine human-machine interaction [119]. Levi 

] developed the first commercially offered smart fabric- 
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Fig. 6.5 Health and sports applications of textile sensors: (a
and chest strap, with permission from [83]; (b) Sensing Tex textile system for measuring pressure 

distribution, with permission from [ ]; (c
69]; and (d

with permission from [85]

Table 6.4 Some fabric-based medical sensors and systems for body monitoring

Compliant and fabric sensing Ref

joint motion

Hospital beds FSR distributed sensors [89]

Sitting postures Capacitive fabric sensor arrays [ ]

[ ]

Knitted piezoresistive [ ]

[91]

Knee, leg, torso [ , 

]

Hand, fingers [92, 

93]

plethysmography, and sensors

Knitted and woven stainless steel 

coil

[ ]

[ ]

[ ]

Hydrogel membrane [ ]

Coated pressure sensing foam [ ]

[95]

(continued)
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Table 6.4 (continued)

Compliant and fabric sensing Ref

sensorized garments

Shirts, vests [ ]

[96]

[ ]

[ ]

temp.

[98]

[ ]

[99]

[ ]

Chest straps [ ]

[ ]

Gloves

conductance

[ ]

CyberGlove [ ]

[ ]

[ ]

electrical/thermal conductivity

[88]

[ ]

[ ]

[ ]

[ ]

[ ]

Shoes (insoles) [ ]

sensing

[111]

[112]

[113]

[ ]

[115]

[85]

[116]

be integrated into any garment has been developed [121]. Touchpad interfaces [122] 

smart fabric interfaces consist of washable piezoresistive conductive fabrics. Such is 

]. In 

-
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solar cells [123] allow the consumer to recharge their handheld electronics at any 

time using solar cell energy. Solar panels can also be attached to over garments and 

clothes [123]. The panels charge a small battery which powers the device nearly 

instantaneously once the solar panels are engaged. When charging is complete, 

removal of the panels is completed, and portable electronic devices can be connected 

to use the stored power [

which allow the wireless charging of fabric-based transducers [ ]. Fabric energy 

storage elements can potentially be incorporated into any flexible substrate [123].

including upholstery, protective garments, safety garments, and potentially any fab-

as a programmable display have been developed [ ]. These textiles can carry 

dynamic messages, graphics, or multicolored images and are designed to enhance 

the observer’s mood and behavior [

are applied is a waterproof antenna that can be sewn into life vests [

activation, the antenna can transmit its coordinates, allowing a fast and successful 

rescue effort. Fire suits with built-in heat sensors can display an alert when under 

Safe at Sea project [125] is developing protective clothing with many features 

including an alert of overboard falling. Similar types of garments can be imple-

-

mised. Heating vests can be entirely based on textile materials [126]. Durable and 

washable, textile heating technologies are being currently incorporated in commer-

-

ments which can react to cold or warm environments to maintain a comfortable 

temperature for the wearer such as smart suits impregnated with microparticles of 

paraffin wax which melt when cooling is needed [ ]. Stimulating garments are 

being explored as well. Such is the case of the sports uniforms [128] which consist 

of ionized fabrics that maximize blood flow and cool and calm the wearer to maxi-

mize power output and decrease recovery times. Fabric surfaces can be designed 

with specific purposes. Super hydrophobic self-cleaning surfaces are designed to 

resist spills, repel stains, and resist static [ ]. Smart carpets can be used to sense the 

location of individuals in a room, finding applications in monitoring age groups 

such as toddlers and the elderly [129]. Geotextiles can be very useful in protection 

of infrastructure [ ] and structural health monitoring using different types of fab-

ric sensors [131].

Health and sports applications for smart fabric sensor technologies include heat 

132], heart sensing cardio shirts [83], foot scanning shoe insoles [ ], and 

portable pedometers [111]. Commercial chest straps [ ] are another one of the 

advanced products that emerged from smart textile developments. They measure the 

heart rate and rhythm and can monitor the expansion and contraction of the chest. 

With a series of solid state sensors, three accelerometers, and a thermometer, these 

devices can transmit data wirelessly through an ISM (industrial, scientific, and med-
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-

for pressure monitoring. These can aid diabetics to detect the early symptoms of 

-

tion [133]. FSR (force-sensitive resistor) tactile and plantar sensors are also used for 

]. Smart textile technologies for everyday life applica-

tions such as household and apparel products have also been developed.

communication. Sooner or later this phenomenon will redefine the human computer 

]. 

process. This is different from conventional product development, where the user is 

typically offered a finished product. Society will be impacted as technology contin-

ues to address every basic aspect of life. Interpersonal communication will change 

as a result of possible new fabric-enabled forms of communication (i.e., electrolu-

minescent fabrics [ ]), which may feature individual wearable screens. It will also 

be a new tool for creativity, gaming, and, very importantly, education. Mobile com-

puting has already brought innovation to modern education, but a major impact 

would be seen if electronics were to find their way into student culture at an early 

age, for example, through the use of wearable e-textile applications [135]. Figure 6.6 

shows different types of functionalized garments that use smart fabric transducers.

6.4  Conclusion

sensing possibilities such as temperature, pH, humidity, chemicals, analytes, strain, 

pressure, and light, among others. These polymers can be inherently reactive to such 

inputs or can be modified both intrinsically and extrinsically to become reactive. 

Inherently conductive polymers are sensitive not only to several different chemicals 

can also have many sensing applications, especially those with nano-inclusions due 

-

ent properties depending on the coating method, or fabrication methods, if they are 

as substrates for the sensing coatings. These range from natural fibers (i.e., cotton) 

fabrics, as well as foams (i.e., polyurethane foam). Design of polymer-based textile 

sensors begins with the scope of the application and then choosing the sensing mate-

requires an interface to data acquisition electronics and user interface.

-
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components, as well as ease of manufacturability are challenges that need to be over-

come in order to have further commercialization of these types of sensors. The pleth-

ora of applications should drive these developments. Civilian applications will allow 

the human to interact with technology in a more natural way. Military and aerospace 

applications can greatly benefit with added soldier or astronaut monitoring and assis-

tance features. Medical applications greatly benefit the wearer in monitoring health 

and vital signals. Research opportunities are also expanded with textile sensors, as 

these open possibilities which were not reachable with conventional sensors.

6.5  Future Outlook

 

to enhance repeatability, sensor stability, environmental robustness, and resilience 

Fig. 6.6 a
from [ ]; (b ]; and 

(c
permission from [136]
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to wear and tear will need to be developed in order to have widespread usage of 

the electronic circuitry level as well as the user interaction level. Standardized inter-

faces would aid in connections of conventional sensors, cell phones, and computers 

with e-textiles and polymer-based textile sensors.

electronic devices such as smart watches. Clothes will become much more func-

environments will create more communication paths for interpersonal interactions 

evolve and be more integrated in many more aspects of society.
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    Chapter 7   
 Smart Polymers: Synthetic Strategies, 
Supramolecular Morphologies, 
and Drug Loading                     

       Marli     Luiza     Tebaldi     ,     Rose     Marie     Belardi     , and     Fernanda     S.     Poletto    

    Abstract     Smart polymers are a relatively new type of material that is attracting 
attention from considerable attention from polymer scientists due to their promising 
applications in several high-tech industry fi elds. The properties of the smart poly-
mers can change in various ways due to the action of a number of triggers such as 
temperature, pH, enzymes, ionic strength, and light intensity. The design of the 
polymer architecture is a key factor to obtain structures with the desired properties. 
The advent of controlled radical polymerization techniques has led to the develop-
ment of a variety of polymers with controlled characteristics. Functionalization of 
these polymers has been successfully used to synthesize numerous structures with 
desired architectures creating unprecedented opportunities for the design of 
advanced materials with stimuli-responsive properties. In this chapter, recent 
advances in this fascinating research fi eld will be presented highlighting new con-
trolled living polymerization methods. Some concepts will also be introduced 
regarding drug loading and types of morphologies of self-assembled supramolecu-
lar structures derived from smart polymers.  
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7.1       Introduction 

 Over the last few decades, remarkable advancements have been made in science 
and technology to obtain materials with new exciting properties. A multidisciplinary 
approach was fundamental for scientists to gain a better understanding of the rela-
tionship among the structures, properties, processing, performance, and functions 
of new materials in engineering. These advances are a result from a huge break-
through in polymer science, which involves the comprehensive understanding of 
organic and physical chemistry, biochemistry, biology, and engineering fi elds. The 
wide variety of current polymer structures makes them a class of materials with 
numerous potential uses [ 1 ]. Recently great attention has been paid on the study of 
the so-called smart polymers, which may respond to several stimuli from the envi-
ronment. The properties of the smart polymers can change in various ways due to 
the action of a number of triggers such as temperature, pH, enzymes, ionic strength, 
and light [ 2 ]. 

 Various natural macromolecules such as proteins, carbohydrates, and nucleic 
acids are examples of systems with inherently responsive properties. The advance 
in polymer science has led to the development of diverse synthetic polymeric mim-
ics of these biopolymers [ 2 ,  3 ] or new approaches to modifying the chemical struc-
ture of the macromolecules using covalently bonded synthetic oligomers/polymers 
[ 4 ,  5 ]. The ways to change the polymeric material structure to achieve the desired 
properties are enormous. With the advent of the controlled radical polymerization 
(CRP) techniques, also known as living polymerizations, it became possible to syn-
thesize polymers with a predetermined molar mass, very narrow polydispersity, and 
planned chain-end functionality. The functionalized chains may be part of the strat-
egy used to design different molecular architectures such as graft and block copoly-
mers [ 6 ] and several supramolecular structures such as polymer aggregates, polymer 
gels, and polymeric micelles [ 7 ]. 

 The narrow polydispersity and well-controlled molar mass of polymers and 
copolymers obtained by living polymerization techniques are related to the mecha-
nism of this class of reactions. As a general rule, chain transfer and chain termina-
tion reactions are virtually absent, while the rate of chain initiation is usually fast 
compared to the rate of chain propagation. As a result, the number of kinetic-chain 
carriers is essentially constant throughout the polymerization. 

 Over several decades, copolymers were obtained only via living anionic 
polymerization [ 8 ]. However, this technique is limited to nonpolar monomers such 
as styrene, isoprene, or butadiene, and the reaction conditions must be highly con-
trolled. As a result, impressive costs are involved in this process, making large-scale 
production less feasible. Living carbocationic polymerization was also used, but the 
commercial application of this strategy is still limited despite some progress had 
been made with the discovery of new catalysts [ 9 ]. Other living ionic techniques 
such as cationic ring-opening polymerization (CROP) have been developed provid-
ing several industrially important polymers [ 10 ,  11 ]. During this time period, 
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synthetic chemists dreamed of living polymerization reactions with a broader scope 
for monomers and more fl exible reaction conditions than those from ionic polymer-
ization reactions. Nowadays this dream is a reality and almost all monomers con-
taining a carbon–carbon double bond can be polymerized by living radical 
polymerization [ 12 – 14 ]. The possibilities to accommodate different functional 
groups and the great of possible monomers that can be used provide numerous 
architectures that otherwise could not be prepared without complex reaction condi-
tions [ 15 ]. The modern polymer chemistry approaches include controlled radical 
polymerization (CRP) with different mechanisms as nitroxide-mediated polymer-
ization (NMP) [ 13 ,  16 ], atom transfer radical polymerization (ATRP) [ 17 – 19 ], and 
reversible addition–fragmentation transfer (RAFT) [ 20 ,  21 ]. These mechanisms 
have revolutionized the fi eld of synthetic polymer chemistry over the last 20 years 
and have shown unprecedented opportunities to prepare tailored polymeric archi-
tectures such as block copolymers, polymer gels, and polymer surface brushes. Low 
radical concentrations provided by CRP prevent side reactions, which is extremely 
important for designing of polymeric structures with specifi c properties. The com-
bination of CRP methods with strategies such as  “click chemistry”  to modify func-
tional groups is a key to obtaining a series of tailored advanced polymeric materials 
with novel compositions [ 22 ,  23 ]. 

 Smart polymers can be obtained from synthetic and natural sources. 
Polymeric systems from renewable sources have received special attention due 
to their sustainability, biocompatibility, and natural abundance [ 22 ,  23 ]. 
Cellulose is the most abundant biopolymer on earth with a great range of world-
wide industrial applications [ 24 – 29 ]. Chitosan is another natural polymer that 
has been attracting attention due to its adequate biocompatibility, lack of toxic-
ity, and mucoadhesive properties [ 30 ,  31 ]. Polylactide (PLA) is a thermoplastic 
polyester obtained from renewable sources that has been extensively investi-
gated due to its mechanical properties which are similar to those from petro-
leum-based polymers. The most attractive aspect of PLA is the high 
biocompatibility, which opens up wide range of applications in the biomedical 
fi eld. Despite this, PLA has drawbacks such as increased hydrophobicity, poor 
toughness, and slow degradation rate that limit its use for certain applications. 
Several studies have been carried out to improve the PLA properties by func-
tionalization and copolymerization [ 32 ]. The functionalization on the surfaces 
of natural polymers has been extensively investigated to obtain smart systems 
[ 27 ]. This modifi cation can be carried out using the natural polymer as a macro-
initiator (or macro-chain transfer agent, MCTA) of living radical polymeriza-
tions, which can start new polymerizations with a wide range of monomers and 
reaction conditions. 

 In this chapter, recent advances concerning the synthesis techniques of smart 
polymers will be presented highlighting new controlled living polymerization 
methods as well as synthetic post-modifi cation procedures. Supramolecular mor-
phologies of smart polymeric systems and drug loading will also be discussed.  
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7.2     Stimuli-Responsive Polymer Architectures 

 Smart polymers respond to small changes from their environment with major 
changes in  their   structure and properties [ 2 ]. The polymer chains can be planned to 
respond to particular external stimuli using different strategies. For instance, pH- 
sensitive polymers can be obtained by incorporating acid or basic moieties into the 
chain [ 33 ,  34 ]. The responsive functional moieties can be located in several posi-
tions on the polymer backbone. These positions include side chains on one of the 
blocks from copolymers, chain-end groups, or junctions between blocks. 
Considering the polymer architecture, smart polymers may be classifi ed as [ 2 ] (1) 
linear free chains in solution which undergo extension/collapse in response to the 
trigger, (2) covalently cross-linked gels that shrink or swell in the presence of the 
trigger, and (3) chain-adsorbed or surface-grafted forms where extension/collapse 
of the chains occurs on the surface in response to the trigger (Fig.  7.1 ).

   The response may be reversible or not, depending on the nature of the process 
triggered on the polymer chain at a microscopic level. In this way, the fi rst step for 

  Fig. 7.1    Schematic illustration of (i) linear free chains in solution, (ii) covalently cross-linked 
gels, and (iii) surface-grafted polymer chains, and the extension/swelling of the chains in response 
to the trigger       
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designing smart polymers is the choice of the trigger, which may be placed into one 
of the following categories: physical, chemical, or biological. The former category 
of trigger modifi es the polymer chain dynamics, whereas the second may affect 
interactions between the polymer and solvent molecules or between the polymer 
chains. Biological stimuli involve the action of physiological molecules on the on 
the polymer chains, which may induce different effects such as chemical bond 
cleavage and conformational changes [ 35 ]. 

7.2.1     Polymers Responsive to Physical Triggers 

 The most  common   physical triggers are temperature, light, and electric fi eld stimuli. 
Thermoresponsive polymer solutions present a critical temperature in which hydropho-
bic and hydrophilic interactions between the polymeric chains and the solvent abruptly 
change, inducing chain collapse or expansion. This response can occur at upper critical 
solution temperature (UCST) and/or lower critical solution temperature (LCST). Phase 
separation displayed by monophasic solutions from thermoresponsive polymers below 
the UCST is driven by attractive enthalpic considerations. On the other hand, the poly-
mer solutions may become biphasic above LCST due to an entropically driven mecha-
nism related to strong interactions such as hydrogen bonding between the polymer chain 
and water [ 36 ]. The LCST and UCST values can be changed by incorporating hydro-
philic or hydrophobic segments into the chain [ 37 ]. In this way, adequate balance 
between hydrophilic and hydrophobic segments in amphiphilic block copolymers may 
suit the phase transition temperature (e.g., to body temperature) [ 38 ]. Thermoresponsive 
polymers reported in the literature include poly(N-alkyl-substituted acrylamides), 
poly(N-vinylalkylamides), and copolymers such as poly(ethylene oxide)–poly(propylene 
oxide)–poly(ethylene oxide) (PEO–PPO–PEO) [ 39 ,  40 ]. 

 Photo-responsive polymers,    another important class of polymers responsive to 
physical triggers, may capture optical signals by light-sensitive chromophores such 
as azobenzene, spiropyran, or nitrobenzyl groups in the polymer chain, converting 
them to chemical signals [ 41 ]. This process typically results in isomerization, cleav-
age, or dimerization. On the other hand, electrically responsive polymers are con-
ducting molecules that can show swelling, shrinking, or bending in response to an 
external fi eld [ 42 ]. In these structures, electrons are delocalized along the conju-
gated backbones. Typical examples are polythiophene (PT) and sulfonated polysty-
rene (PSS). This class of polymers has been excitingly investigated as artifi cial 
muscles and sensors in microfl uidic platforms [ 43 ].  

7.2.2     Polymers Responsive to Chemical Triggers 

 Ionic strength, pH, and redox conditions are  the   most common chemical stimuli 
reported to trigger responses from smart polymers. The key factor for pH- responsive 
polymers is the existence of weak acidic or basic moieties covalently attached to a 
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hydrophobic chain. The ionization of these moieties causes electrostatic repulsion 
of the charges and extension of the coiled chains. The critical pH value required to 
induce the changes can be tuned according to the p K  a  of the pendant acidic or basic 
groups [ 44 ]. Polymers with pH-responsive properties include chitosan and 
poly(acrylic acid) derivatives [ 45 ]. Polymers containing ionizable groups can also 
respond to ionic strength. Attractive interactions between oppositely charged spe-
cies may affect the polymer solubility in media with different salt concentrations. 
As a consequence, some relevant properties such as rheological behavior can be 
considerably altered [ 46 ]. 

 Redox-responsive polymers can be obtained whether the polymer chain pres-
ents acid labile moieties, as observed in polyanhydrides, polymers synthesized 
from α-hydroxy acids, and poly(β-amino esters) (PβAEs) [ 47 ]. Cleavable  disulfi de 
  groups have also been displayed by redox-responsive polymers because they are 
unstable in a reducing environment in which the corresponding thiol groups are 
formed. The redox reaction can be induced by reductive molecules such as cyste-
ine and glutathione [ 48 ].  

7.2.3     Polymers Responsive to Biological Triggers 

 Smart polymers can be  engineered   for responsiveness to enzymes, receptors, metab-
olites, small biomolecules like glucose, and other relevant biological compounds as 
triggers with great potential for in vivo   applications. In most systems, enzymes 
degrade the polymer backbone under mild conditions exhibiting high selectivity 
[ 49 ]. For instance, ester bonds in the polymer chain may be cleaved by hydrolytic 
enzymes, such as lipases. As a consequence, lipases can trigger degradation of 
drug-loaded supramolecular structures based on polymers presenting ester bonds 
releasing the drug to the external medium [ 50 ]. Enzymes can also form new 
covalent bonds that may change the macroscopic properties of the polymers. An 
illustration of this concept comprises the action of transglutaminase, which pro-
motes cross-linking between the side chains of lysine and glutamine residues in 
peptide chains [ 51 ]. 

 Development of stimuli-responsive strategies involving small biomolecules and 
metabolites as triggers is a promising strategy. In general, these systems attempt to 
mimic physiological self-regulating mechanisms in order to control the release 
kinetics of loaded drugs. For example, reactive oxygen metabolites generated from 
infl ammatory processes have been used as triggers for drug release by the controlled 
degradation of cross-linked hyaluronic acid gels [ 52 ]. Glucose-responsive polymer 
bearing a phenyl borate derivative as a glucose-sensing moiety [ 53 ] is another bio-
logical approach with promising results. A major development related to research 
and the technological application of biological responsive polymer materials is 
expected for the next years.   
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7.3     Synthetic Strategies Using Controlled Radical 
Polymerization 

 As mentioned earlier,    controlled radical polymerization is the preferred technique 
to synthesize smart polymers. The key feature of all CRP mechanisms involves a 
dynamic equilibrium between propagating radicals [P•] and dormant species that 
may be reversibly trapped in a deactivation or activation process. In addition, the 
propagating radicals are present in much smaller concentrations than the dormant 
species and this is the most important characteristic of CRP. In other words, the 
activation rate ( K  act ) must be considerably smaller than the deactivation rate ( K  deact ) 
of the propagating species to ensure a low termination rate (Fig.  7.2 ). This is cen-
tral to all CRP systems and fundamental to control the molar mass and its distribu-
tion. The details of the CRP mechanisms are very well described in recent reviews 
from literature [ 13 ,  15 ,  21 ]. The most well-established methods include atom 
transfer radical polymerization (ATRP), reversible addition–fragmentation trans-
fer (RAFT), and nitroxide-mediated polymerization (NMP). A brief description 
of each synthetic method as well as their limitations and some important examples 
of the applications from literature are presented below.

  Fig. 7.2    Schematic representation of various CRP mechanisms ( a ) ATRP, ( b ) RAFT, and ( c ) NMP       
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7.3.1       ATRP Reaction 

 ATRP  is   one of the most versatile techniques used to synthesize polymers with 
well- defi ned structures, various architectures/functionalities, and controlled dis-
persity [ 54 – 57 ]. Conventional ATRP reactions include the monomer, an initiator 
with a transferable halogen (generally alkyl bromide or alkyl chloride) and a cata-
lyst system that presents a transition metal with a suitable ligand. The dynamic 
equilibrium between dormant and active species is achieved by a reversible redox 
process in which the transition metal from the catalyst system activates an alkyl 
halide to generate the corresponding radical and transition metal complex in its 
higher oxidation state (see Fig.  7.2a ). This strategy can be illustrated by the prepa-
ration of graft copolymers of cellulose, which was discussed in the excellent 
review by Cameron and coworkers [ 56 ], is where the preparation of graft copoly-
mers of cellulose and its derivatives under homogeneous conditions by the ATRP 
technique is described in detail. Generally, for cellulose the “grafting-from” strat-
egy is more common, and it involves two steps: (1) macroinitiator (MI) prepara-
tion via chemical modifi cation of hydroxyl group from cellulose to bromide and 
(2) using MI to initiate the ATRP reaction in the presence of monomers from the 
backbone generating graft copolymers. 

 The concentration of transition metal species in the conventional ATRP reac-
tion cannot be lower than that of the chains involved in radical–radical termina-
tion reactions to sustain an adequate rate of polymerization. Stoichiometric or 
slightly sub- stoichiometric ratios of the transition metal catalyst to the initiator 
may be used leading to a higher catalyst concentration in the polymeric material 
[ 58 ]. It is important to note that reactions with monomers containing strongly 
coordinating groups such as acid groups cannot be performed by ATRP because 
there is a loss of catalytic activity due to complexation between the monomer 
and the metallic catalyst. Although ATRP proved to be a remarkable technique in 
controlling polymer architecture, some reasons have limited its use for industrial 
scale production: (1) the catalyst is sensitive to air and other oxidants, which 
may adversely affect the control of polymerization, and (2) purifi cation after 
polymerization is necessary to remove the mildly toxic transition metals com-
posing the catalyzers. To overcome these drawbacks, new initiation processes  for 
  ATRP have been developed, employing a signifi cantly lower concentration of 
catalyst and oxidative stable complexes. An example of this strategy is com-
prised of a catalyst containing Cu (II) that is activated in the presence of reducing 
agents (RAs) such as tin (II) 2-ethylhexanoate (Sn(EH) 2 ), glucose, ascorbic acid, 
and others. In this process, RA regenerates the activator species Cu (I) (Fig.  7.3 ). 
This new approach is particularly attractive to synthesize materials for biomedi-
cal applications because the polymers obtained from these reactions are nearly 
free of metal contamination.

   It is well known that high proportion of living chains and low catalyst concen-
tration are required for the preparation of well-defi ned polymeric architectures by 
ATRP. High catalyst concentrations may lead polymers to drop the halide chain-
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end functionality due to terminations or other side reactions [ 59 ]. Matyjaszewski’s 
group [ 60 ] developed a simultaneous reverse and normal initiation (SR&NI) pro-
cess but it was not suitable for block copolymer synthesis because polymer chains 
were initiated by the free radical initiator added to the reaction medium. Another 
strategy called activators generated by electron transfer (AGET) partially solved 
the problem because the addition of a free radical initiator, which could initiate 
new chains, was not involved. Instead, reducing agents that can react with transi-
tion metals in a higher oxidation state were used to generate the reduced activator.  
Consequently, the formation of homopolymers as side products was avoided dur-
ing the copolymerization. However, it is diffi cult to estimate the exact amount of 
RA needed for the reaction [ 61 ]. In the process based on continuous activator 
regeneration (ICAR) [ 19 ], a source of organic free radicals is employed in a small 
amount with the aim to continuously regenerate the metal activator. As a result, 
the catalyst concentration can be signifi cantly decreased without affecting the 
controlled polymerization. A simple and versatile technique via activators regen-
erated by electron transfer atom transfer radical polymerization (ARGET-ATRP) 
[ 18 ] proved to be one of the most relevant techniques to produce a high proportion 
of living chains and consequently pure block copolymers with controlled func-
tionalities, compositions, and smart properties [ 55 ,  59 ]. There are several vari-
ables associated to the new ATRP strategies that must be optimized in each case, 
but all of  these   strategies show similar advantages: the environmental impact is 
reduced, the reactions can be  performed in aqueous medium under room tempera-
ture, and they may be adapted in order to be carried out under biological condi-
tions [ 62 ].  

  Fig. 7.3    General mechanism of ATRP with excess of reducing agent and very low amount of 
copper-based catalyst. High proportion of chain-end functionality and well-defi ned copolymers. 
*R–R (radical–radical bond       
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7.3.2     RAFT Polymerization 

 RAFT is among the most  powerful   polymerization techniques, in particular due to 
a wide range of monomers that cannot be polymerized by ATRP. The mechanistic 
process is very well described in excellent reviews [ 15 ,  20 ,  21 ]. The basic principle 
of RAFT is similar to that of conventional free radical polymerization, but incorpo-
rates a chain transfer agent (CTA) that contains a labile bond as thiocarbonylthio 
moiety. The CTA is added to the monomeric radical species forming labile interme-
diates (dormant species) that can fragment releasing R *  (free radicals) or 
P x  * (polymeric radicals) (see Fig.  7.2b ). These radicals are added to the monomer 
reinitiating the polymerization and creating another thiocarbonylthio moiety. 
Equilibrium is reached between the propagating polymeric radical and the dormant 
species resulting in uniform chain growth and excellent control over the molar mass. 
The fi nal polymer is a macro-CTA, which can be isolated, and subsequently the 
chain can be extended attaching a second monomer on the macro-CTA. The RAFT 
agent retained in the polymer chain-end may induce toxicity when the polymer is 
planned to be used for biomedical purposes. There are some methods available to 
replace the RAFT end group including aminolysis, radical-induced reduction, and 
thermal elimination [ 63 ]. Tailoring the end groups to obtain the desired polymer 
architectures is an important advantage of functionalization by RAFT agent due to 
lability of the thiocarbonylthio group, which allows prompt post-polymerization 
modifi cation. The ability to remove and subsequently tailor the end group is widely 
applicable as reported by O’Reilly and coauthors [ 64 ], who described the advances 
and main advantages regarding chain-end group modifi cations from polymers syn-
thesized by RAFT.  

7.3.3     NMP Reaction 

 Nitroxide-mediated polymerization (NMP)    (or aminoxyl-mediated radical 
polymerization (AMRP) as proposed by IUPAC) is one of  the   three most important 
CRP methods. The key factor in the mechanism of NMP is the reversible thermal deac-
tivation (C–O bond cleavage) of a polymeric alkoxyamine such as 2,2,6,6- tetramethyl
- 1-piperidinyloxyl (TEMPO) to generate the polymeric radical and a dormant alkoxy-
amine. The subsequent monomer insertion and nitroxide trapping lead to the chain-
extended polymer. The advantages of NMP are high purity of the polymer and wide 
scope of functional monomers, including those with unsaturated hydrocarbon structure 
as polyisoprene and polybutadiene, which cannot be polymerized by ATRP due to che-
lation of the copper catalyst [ 13 ,  14 ]. In addition, NMP can be optimized for large-scale 
production. The disadvantages of the NMP method are related to high temperatures 
and lengthy polymerization times required by the reaction to occur with a reasonable 
rate. A new generation of nitroxides consisting of acyclic β-phosphorylated nitroxide 
[N-tert-butyl-N-(1-(diethoxyphosphoryl)-2,2- dimethylpropyl- N-oxyl nitroxide] also 
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known as SG1 or BlocBuilder showed high effi ciency in the synthesis of well-defi ned 
polymers and copolymers with predictable molecular weight [ 65 ]. However, these 
molecules were not effi cient in controlling the polymerization of methacrylic mono-
mers due to the formation of irreversible termination reactions among unstable propa-
gating macroradicals. 

 Recently, some strategies for optimizing the NMP method, such as polymerization- 
induced self-assembly (PISA), have led to the in situ formation of pH-responsive 
amphiphilic block copolymers. Darabi and coworkers [ 66 ] synthesized 
poly(DEAEMA-co-S)-SG1 and poly(DMAEMA-co-S)-SG1 macroalkoxyamines 
and used them in their protonated form as stabilizers and macroinitiators for the 
nitroxide-mediated surfactant-free emulsion polymerization of MMA and styrene. 
One of the main advantages of this strategy was the absence of surfactants that can 
alter the properties of the fi nal product. 

 It is evident that each strategy has  its   own advantages and    limitations. ATRP may 
be best suited to produce low molecular weight polymers with special functional-
ities but it is inadequate if the monomers contain strongly coordinating groups. 
RAFT is the most effi cient system for these monomers and higher molecular weights 
may be obtained. On the other hand, there is no need to use metal or sulfur- containing 
controlling agents in the NMP process, which is the best option when the absolute 
absence of these elements in the polymer is imperative.  

7.3.4     Combining CRP and Click Reactions 

 Although  the   click chemistry strategy is not new (proposed by Huisgen in 1963), it 
received little attention over decades due to technical diffi culties related to the syn-
thetic protocol. Sharpless and coworkers [ 67 ] reintroduced this reaction in 2001 
using Cu (I) as a catalyst. This new mechanism is based on high-effi ciency reactions 
between two functional groups (e.g., azides and alkynes) that are readily reactive 
together. The click reactions are performed with high yields producing harmless by-
products that can be removed by non-chromatographic methods. Furthermore, the 
starting materials and reagents are readily accessible, and the reactions are performed 
in mild conditions and nontoxic solvents, such as water. In addition, the functional 
groups related to click reactions are compatible with enzymes under physiological 
conditions and may be easily incorporated into various macromolecules [ 68 ]. A 
schematic representation of click chemistry reactions is shown in Fig.  7.4 .

   The combination of both CRP and click chemistry strategies offers the possibility 
to obtain well-defi ned and tailored functionalized macromolecular structures with 
smart properties. The optimization of the reaction conditions involving the mono-
mer, initiator, solvent, and/or catalyst is always required in order to reach absolute 
control over the macromolecule structures. The post-polymerization of functional 
macromolecules with small organic molecules or other macromolecules is consid-
ered a powerful tool to obtain block copolymers or star-shaped polymers with inter-
esting applications in biomedical and nanotechnology research fi elds. 
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 The reactive chain-end groups  from   macroinitiators can be successfully used for 
structure modifi cation by click chemistry. This idea is illustrated by a previous 
report from Wang and coworkers [ 69 ]. In this work, NaN 3  and an amphiphilic tri-
block copolymer obtained via ATRP were reacted in order to modify the polymer 
chain-end groups into azide groups. Subsequently, the azide groups reacted with 
alkynated biotin forming a functional interface between the hydrophilic shell and 
the hydrophobic core of self-assembled polymeric micelles. The recent study from 
Chen and coworkers [ 23 ] presents another approach to controlling complex macro-
molecular architectures. In this study, smart tetrablock polymers with dual stimulus 
response were obtained by combination of ATRP, RAFT, and click chemistry. The 
combination of two or more techniques is a clever strategy when a unique method 
is not suitable to synthesize the polymer.   

7.4     Self-Assembled Supramolecular Structures 
and Drug Loading 

 A number  of   self-assembled supramolecular morphologies can be designed for 
smart polymer-based systems depending on the desired application [ 35 ,  70 ,  71 ] 
such as nanoparticles, dendrimers, vesicles, micelles, hydrogels, and polymer 
brushes. It should be noted that this is not a wide-ranging list. Nowadays, more and 
more smart polymeric structures with new morphologies and remarkable properties 
are arising from the efforts and creativity of researchers working in several fi elds. 
Drug delivery [ 71 ], tissue engineering [ 72 ], food products [ 73 ], cosmetics [ 74 ], 
biosensor devices [ 75 ], smart textiles [ 76 ], smart coatings [ 77 ], and thermal energy 
storage [ 78 ] may be cited among the industrial activities where smart supramolecu-
lar polymer structures promise to make the greatest impact. 

 Polymer vesicles, also called polymersomes, are spherical structures in which an 
aqueous compartment is enclosed by a bilayer membrane made of amphiphilic 
block copolymers. There are reports mentioning polymersomes responsive to a 
redox environment, pH, temperature, and others [ 79 ], in particular for drug delivery. 
Hydrophilic molecules can be loaded into the inner aqueous compartment, whereas 

  Fig. 7.4    Schematic representation of the click reaction using azide and alkyne as functional 
groups       
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more hydrophobic compounds can be accommodated within the polymeric shell. 
Stimuli-triggered disassembly of the vesicles can induce drug release in specifi c 
environments. The responsiveness is related to the architecture of the polymer chain 
and its functional moieties. Recently, self-immolative polymersomes (SIPsomes) 
based on hydrophobic blocks terminally modifi ed with capping moieties responsive 
to different triggers were reported as an alternative approach for triggered drug co- 
release [ 80 ]. These moieties comprised perylen-3-yl, 2-nitrobenzyl, or disulfi de 
bond, which may respond to visible light, UV light, and reductive milieu as stimuli, 
respectively. Upon deprotection by the corresponding trigger, the vesicle disinte-
grated due to a cascading depolymerization reaction. This study exemplifi es the 
concept of polymersomes with modular responsive modes sensitive to different 
types of stimuli. The advances, challenges, and potential applications of smart poly-
mersomes were recently discussed in detail by Du and O’Reilly [ 81 ]. 

 Polymer micelles are  usually   formed by the spontaneous self-assembly of amphiphilic 
block copolymers in a solvent. They can be described as core–shell structures with 
spherical shape and sizes varying around 10–100 nm. Poly(ethylene glycol)-based 
block copolymers are commonly used to prepare self-assembled micelles for bio-
compatible environments [ 82 ]. In an aqueous medium, the micelle core is composed 
of the hydrophobic blocks from the copolymer, whereas the hydrophilic blocks con-
stitute the micelle corona. In this way, lipophilic drugs are expected to be solubi-
lized into the hydrophobic micelle core, signifi cantly increasing drug concentration 
in aqueous solution. On the other hand, some hydrophilic molecules can be adsorbed 
on the outer shell of micelles due to strong interactions by Coulombic forces or 
hydrogen bonding according to the nature of the micelle surface. Smart polymer-
based micelles offer multiple possible approaches to trigger drug release. Strategies 
reported in literature involve degradation, cleavage, swelling, self-assembly/disas-
sembly, and others [ 83 ,  84 ]. 

 Polymer-based systems include hydrogels, which are defi ned as three-dimen-
sional polymeric networks that have the tendency to absorb large amount of water 
while their dimensional stability is maintained due to physical or chemical cross-
linking. Smart hydrogels may respond to varied stimuli, such as pH, biological trig-
gers, and temperature [ 85 ]. Fast-response hydrogels translate external stimuli into 
local alteration of mechanical or physical properties to promote drug release. In the 
most widespread strategy used to achieve rapid kinetics, the size of the smart hydro-
gel is reduced in the presence of the trigger. 

 Temperature is probably the  most   common trigger for smart polymer-based 
hydrogels. Hydrogels composed of polymers with a UCST may shrink when cooled 
below this critical temperature value. On the contrary, hydrogels with LCST may 
shrink upon heating above their LCST. A classic example of thermoresponsive 
hydrogel is made from poly( N -isopropylacrylamide) (PNIPAAm), which exhibits a 
phase transition temperature around 32–34 °C in water [ 86 ]. Other common smart 
polymers used to prepare hydrogels responsive to different types of stimuli include 
polylactide (PLA) and polysaccharides [ 87 ]. 

 A polymer brush consists of end-tethered polymer chains stretched away from 
the substrate due to the excluded volume effect. Interaction forces between the 
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brush and the external medium may be switched due to the action of the trigger in 
the polymer chain. In mixed brushes, in which two or more different polymers are 
grafted to the same substrate, the chains may preferentially segregate to the top of 
the brush or on the substrate surface according to the nature of each type of chain 
and the stimuli from the external medium. Some key strategies for preparing poly-
mer brushes and current and future challenges related to these systems are discussed 
in an excellent review written by Peng and Bhushan [ 88 ].  

7.5     Conclusion 

 The opportunities are growing fast for high-tech industry in creating and consuming 
polymeric systems with stimuli-responsive characteristics. Research and innovation 
involving smart polymers are relatively new. Precise synthetic approaches leading 
to exact polymeric architectures have always been a challenge, and recent advances 
in CRP polymerizations have created unprecedented opportunities for the design 
and synthesis of innovative smart polymers with well-defi ned structures. 
Furthermore, development of strategies involving CRP combined with click chem-
istry opened up the opportunity for new technological advances in which smart 
polymers can be planned to incorporate new functionalities and self-assemble into 
several supramolecular structures that potentially have a great impact on relevant 
fi elds for industry.     
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    Chapter 8   
 Functions of Bioactive and Intelligent Natural 
Polymers in the Optimization of Drug Delivery                     

       Ndidi     C.     Ngwuluka     ,     Nelson     A.     Ochekpe     , and     Okezie     I.     Aruoma    

    Abstract     Bioactive polymers, by their structural confi guration and conformation, 
possess the ability to exert biological activities and consequently elicit responses 
from cells and tissues. Intelligent polymers are smart polymers which respond to 
internal and external stimuli in order to propel the release or modify the release of 
drugs. Natural polymers are biogenic, biocompatible, biodegradable, and safe for 
consumption. Consequently, they present as suitable materials that the human body 
can identify with and not treat as foreign bodies, thereby reducing the complications 
encountered when dealing with synthetic polymers. Natural polymers have been 
shown to be bioactive, exhibiting biological activities such as antitumor, anticoagu-
lant, antioxidant, antimicrobial, antiulcer, anti-infl ammatory, and antirheumatic. In 
addition, natural polymers are meritorious materials for the fabrication of self- 
regulated or externally regulated drug delivery systems. These systems respond to 
the state of the environment for effi cacious therapy. Drug delivery technology is 
shifting from the controlled release of drugs over time to the release of drugs when 
and where needed, especially for chronic diseases. Indeed, intelligent polymers are 
choice polymers for such delivery systems. Their synthetic counterparts were actu-
ally synthesized to mimic these natural polymers which further buttress the need to 
revert to nature for intelligent and bioactive polymers. The contexts of natural bio-
active and intelligent polymers have unique applications in drug delivery, embrac-
ing nanobiotechnology. This would ultimately benefi t drug delivery systems in 
benchmarking new drug formulations.  
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8.1       Introduction 

 Before civilization and manufacturing industries were widespread, men who were 
faced with ailments treated them with herbs. They had rudimentary technology such 
as using stones to grind the herbs or fashioning knives from stone to cut the herbs. 
The plants growing in their midst were experimentally used for various ailments 
including injuries they encountered as they executed their day’s work. 

 However, as civilization advanced, there was a shift from nature to synthesized 
materials and petroleum-based resources. This shift became even more attractive as 
manufacturing provided a high yield of materials compared to nature. Consequently, 
the use of petroleum resources for drug carriers and synthesized active ingredients 
has persisted for years. However, as petroleum resources dwindle and synthesized 
materials continued to produce unpleasant adverse effects, there has been a reversal 
of this trend. Scientists are reverting to nature for solutions in prevention, treatment, 
and management of diseases. Even more appropriate is the use of the natural materi-
als that make up a human body for drug delivery. These natural materials are identi-
fi ed as physiologically compatible and cooperation is enhanced. Polymers are 
macromolecules made of many small parts of the same or different molecules. 
Natural polymers are polymers found in nature within living organisms and outside. 
Polymers found within human body are proteins, polysaccharides, and lipids. These 
natural polymers perform complex functions that facilitate the growth, develop-
ment, and well-being of the body. Some of these polymers are edible and are known 
to be functional and intelligent, making them vital materials in the delivery of drugs. 
Consequently, the use of these polymers in drug delivery may enhance the effi cacy 
of therapy through additive or synergistic effects. The biogenicity of natural poly-
mers and their biotic characteristics including identifying and cooperation with 
cells, ability to degrade enzymes, extracellular network likeness, as well as their 
chemical fl exibility solidify them as the ideal components for drug delivery [ 1 ]. One 
signifi cant advantage natural polymers have over synthetic polymers is their low 
toxicity. Other advantages include biocompatibility, biodegradability, fl exibility, 
renewability, as well as being human and environmentally friendly [ 2 ]. 

 Natural polymers have progressively been commercialized for utilization in drug 
delivery systems. However, before a natural polymer obtains approval to be used, it 
has to undergo extensive characterization. Excipients used in drug products are 
approved as part of new drug applications as there is currently no independent pro-
cess for excipient approval. However, natural polymers stand a better chance of not 
causing regulatory issues than synthetic polymers. Most natural polymers, espe-
cially those from plants, could be regarded as safe since they are edible. Although 
novel excipient applications are submitted as part of new drug application, details of 
manufacture, characterization, clinical, and nonclinical safety data are submitted. 
The process of producing approvable natural polymers for drug delivery systems is 
referred to as naturapolyceutics [ 1 ]. This involves the processes of producing phar-
maceutical grade natural polymers from extraction and purifi cation to modifi cation, 
characterization, application, and safety studies. 
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 Most natural polymers are not inert and so would not be regarded as an inert 
excipient. Natural polymers are multifunctional. While they may help to improve 
the absorption, permeability, or targeting of drugs, a host of them are biologically 
active and intelligent.  

8.2     Bioactive Polymers for Treatment and Management 
of Diseases 

 Bioactive polymers, potentially excipients, are functional polymers which exert bio-
logical or pharmacological effects. For effectiveness and application, a bioactive 
polymer has to be liberated from its carrier (if encapsulated or compressed), 
absorbed, distributed, metabolized, and excreted. In certain cases, it may be local-
ized or targeted and may not necessarily need to get into systemic circulation. In 
addition, bioactive polymers that are able to exert pharmacological effects with little 
or no adverse effects thereby improving the quality of life of patient will be of sig-
nifi cance. Consequently, natural bioactive polymers are the polymers of choice. 

 Basically, natural polymers are able to function as bioactives against diseases 
due to their immunomodulation. Most natural polymers, such as the polysaccha-
rides, potentiate the immune system. It is suggested that they function by potentiat-
ing the host’s standard and acquired immune responses, thus triggering immune 
cells like cytotoxic macrophages, monocytes, neutrophils, and dendritic cells that 
are crucial in maintaining homeostasis [ 3 ]. In addition, potentiation stimulates the 
release of chemical messengers (cytokines such as interleukins, interferons, and 
colony-stimulating factors) that trigger complementary and acute phase responses 
[ 3 ]. Natural polymers can be used to prevent, treat, and manage diseases. Figure  8.1  
highlights some of the pharmacological effects of natural polymers.

8.2.1       Natural Polymers with Antitumor Activity 

 Cancer is one of the most  prevalent   diseases globally. It is also one of the most chal-
lenging diseases to treat and manage. Cancer therapy is fraught with adverse effects 
due to the nonspecifi c cytotoxic activity of the chemotherapeutic agents. 
Consequently, patients require hospital visits and palliative care. Antitumor agents 
functioning by mechanisms other than nonspecifi c cytotoxic activity will be of sig-
nifi cance in cancer therapy. Some natural polymers known to be safe and less toxic 
elicit antitumor activity. Polysaccharides from mushrooms have shown antitumor 
activity both in vitro and in animal models. These polysaccharides, β- D -glucans and 
proteoglycans from mushrooms, include lentinan, schizophyllan, active hexose cor-
related compound (AHCC), maitake D-fraction, polysaccharide-K, and polysaccha-
ride- P. Lentinan has been studied in humans and has gone through phase III clinical 
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trials. A randomized controlled study of lentinan alongside chemotherapeutic 
agents, 5FU + mitomycin C or tegafur, on subjects with late stage or recurring gas-
tric and colorectal cancers indicated lentinan signifi cantly prolonged the life span of 
the patients [ 4 ]. Survival rates were 12.97 % at 2 years, 9.51 % and 3.81 % at 3 and 
4 years, respectively, for gastric cancer patients, and then 9.10 % and 4.55 % at 2 
and 3 years, respectively, for colorectal patients. However, lentinan and schizophyl-
lan have limited oral bioavailability [ 5 ]. Consequently, lentinan was given intrave-
nously. While lentinan showed extended survival in patients with gastric and 
colorectal cancers, schizophyllan showed prolonged survival in patients with head 
and neck cancers [ 6 ,  7 ]. However, polysaccharide-K (PSK) and polysaccharide pep-
tide (PSP) showed the most promise as possible antitumor agents that can be given 
as immunoceuticals as they are orally bioavailable. They are proteoglycans, named 
for the peptide moieties bound to the polysaccharides. PSK has been shown to be 
active against stomach [ 8 ,  9 ], esophagus [ 10 ,  11 ], nasopharynx [ 12 ], colorectal [ 13 , 
 14 ], and lung cancers [ 15 ]. PSK extended survival of the patients from 5 to 15 years. 
However, it was utilized as an immunotherapeutic agent which was only effi cient in 
cases with some degree of immunity. The phase III clinical trials in which PSP was 
utilized exhibited signifi cant benefi ts in stomach, esophagus, and lung cancers [ 5 ]. 
Studies such as the phase II double-blind trials in various Shanghai hospitals (China) 

  Fig. 8.1    Schematic depicting some of the pharmacological effects exerted by natural polymers       
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accentuated the benefi ts of PSP, consisting of 274 patients with various forms of 
cancer including lung, stomach, and esophageal [ 16 ]. The PSP-treated group, in 
combination with chemo-/radiotherapies (82 %), experienced mitigated symptoms 
common to those suffering from cancer, including fatigue, anorexia, nausea, thirst, 
cold sweat, and pain [ 16 ]. In addition,    there was a marked reduction of the incidence 
of adverse effects of chemotherapy and radiotherapy regimens when treated with 
PSP [ 17 ]. The potency of these polysaccharides as antitumor agents is suggested to 
be related to their molecular weight, degree of branching, and solubility in water 
[ 3 ]. In these studies, the polysaccharides were given to cancer patients to boost their 
immune system, thereby protecting them against immunosuppression that is usually 
precipitated by long-term chemotherapy. Other natural polymers with antitumor 
activity include glucans [ 18 ,  19 ], proteoglycans [ 20 ], laminarin [ 21 ], and angelan 
[ 22 ]. Zong and co-workers reviewed antitumor polysaccharides obtained from 
microorganisms, algae, plants, and animals [ 23 ]. These polysaccharides prevented 
tumor growth by direct cytotoxicity, prevention of the multistep process of tumor 
development, immunopotentiation when given with chemotherapy, and prevention 
of tumor metastasis.  

8.2.2     Natural Polymers with Anticoagulant Activity 

 Fucoidans, polysaccharides known as sulfated fucans comprised mainly of fucose 
and sulfate with small fractions of galactose, xylose, mannose, and uronic acids, are 
extracted from brown seaweed cell walls. Low molecular weight fucans obtained 
from fucoidans by acid hydrolysis or radical cleavage were studied for  their   antico-
agulant activity [ 24 ]. Anticoagulant activity was examined using activated partial 
thromboplastin time (APTT), thrombin time (TT), and antifactor Xa and antifactor 
IIa [ 24 – 26 ]. The sulfated fucans were found to possess anticoagulant activity. The 
degree of anticoagulation varied based on a number of factors such as source of the 
sulfated fucans, fractionation, molecular weight, proportion of sulfate, and sugar con-
tent. It was observed that anticoagulant activity increased with sulfate content and 
molecular weight,  fucose   being the only sugar needed for the anticoagulant effect. 
While heparin is of animal origin and has adverse effects, sulfated fucans are extracted 
from various species of algae. The sulfated fucans present an inexpensive and easy 
source of anticoagulants with little or no adverse effect. Among other natural poly-
mers, carrageenan has also been shown to exhibit an anticoagulant effect [ 27 ].  

8.2.3     Natural Polymers with Antioxidant Activity 

 Fucoidan, lambda-, kappa-, iota-carrageenans, and two heterogenous fucans from 
 Padina gymnospora  were subjected to  antioxidant   assays such as the scavenging 
activities of superoxide anion and hydroxyl radical as well as liver microsomal lipid 

8 Functions of Bioactive and Intelligent Natural Polymers in the Optimization…



170

peroxidation [ 28 ]. Inhibition of superoxide radicals was found to be more effective 
at lower concentration with fucoidan and lambda-carrageenan, while fucoidan and 
iota-carrageenan were better hydroxyl radical scavengers than lambda- and kappa- 
carrageenans. Iota- and lambda-carrageenans were better hydrogen peroxide scav-
engers than fucoidan and others. This study suggests that to obtain encompassing 
antioxidants and free radical-scavenging activities, lambda-carrageenan can be 
given alone or in combination with fucoidan to produce an additive or synergistic 
effect. 

 In order to produce effi cient pulmonary drug delivery and to circumvent oxygen 
radical-mediated pulmonary toxicity and other infl ammatory responses pro-
duced by nanoparticles and synthetic materials, chitosan/fucoidan nanoparticles 
were produced as carriers for gentamicin delivery [ 29 ]. Chitosan and fucoidan, 
which are both antioxidant agents, effectively displayed both scavenging and anti-
oxidant activities against induced 1,1-diphenyl-2-picrylhydrazyl (DPPH), reactive 
oxygen species (ROS), superoxide anion (O 2  − ), and infl ammatory mediators such 
as nitric oxide (NO) and interleukin-6 (IL-6). However, the antioxidant effi cacy 
(90 %) was enhanced when fucoidan concentration was greater than 0.31 mg/
mL. Along with the other properties of chitosan such as mucoadhesion, permea-
bility, good entrapment, and controlled release, there was a biphasic release of 
gentamicin over 72 h with an initial burst release over 10 h followed by a sustained 
release. This study allays the concerns of using nanoparticles for pulmonary deliv-
ery and suggests that natural bioactive polymers can be utilized in fabrication of 
nanoparticles to minimize the infl ammatory responses and other adverse effects 
elicited by nanoparticles. In addition, these polymers apart from being bioactive 
are biocompatible and biodegradable and possess other drug delivery properties 
needed to optimize therapy. 

 Alginates and laminarin were  also   studied for their antioxidant properties [ 30 ]. 
However, while they exhibited antioxidant properties, they were not as effective as 
fucoidan. Fucoidan had higher sulfate content. In addition, the antioxidant and scav-
enging activities of crude fucoidan from  Laminaria japonica  and its fractions were 
compared with ulvan from  Ulva pertusa  Kjellman, porphyran from  Porphyra haita-
nensis , and vitamin C [ 31 ]. Fucoidan and its fractions had greater scavenging activ-
ity against superoxide radicals than ulvan, porphyran, and vitamin C. Comparing 
crude fucoidan with its fractions, the fractions had greater scavenging activity 
against hydroxyl radicals and a better ferrous ion-chelating effect. In another study, 
the fucoidan from  Sargassum fulvellum  was compared with commercial fucoidan 
from  Fucus vesiculosus , galacto-fucoidan from  Undaria pinnatifi da , butylated 
hydroxytoluene (BHT), and α-tocopherol among others [ 32 ]. However, it was 
observed that their activities against the various radicals varied. In summary, the 
antioxidant activity of the sulfated polysaccharides is determined by their structural 
properties such as sulfate content, molecular weight, major sugar component, and 
glycosidic branching [ 33 ]. Low molecular weight sulfated polysaccharides are more 
potent antioxidants due to their ability to be engulfed into the cells and donate pro-
tons more actively than the high molecular weight sulfated polysaccharides. Indeed, 
natural antioxidants can be employed in the food, cosmetic, and pharmaceutical 
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industries, individually or in combination producing an antioxidant effect with little 
or no toxicity. Quite a number of the sulfated polysaccharides are extracted from 
edible seaweeds.  

8.2.4     Natural Polymers with Anti-infl ammatory Activity 

  Chondroitin sulfate (CS)  , a  polymeric   carbohydrate sourced from pork, chicken, 
fi sh, and shark tissues, has been shown to exhibit anti-infl ammatory activity [ 34 ]. A 
study in which 11 patients with long-standing psoriasis were administered oral 
chondroitin sulfate (800 mg daily) for 2 months showed signifi cant improvement in 
91 % of the cases, displaying reduced swelling, redness, fl aking, and itching and 
increase in skin hydration, skin softening, and scale amelioration [ 35 ]. In another 
study,  the   effect of oral CS against dextran sulfate sodium-induced rat colitis was 
investigated in comparison  with   5-aminosalicylic acid (5-ASA) [ 36 ]. CS (in the 
same dose as 5-ASA) showed more improvement of colitis symptoms such as 
bloody stool, erosion, and increase in white blood cells than 5-ASA.  

8.2.5     Natural Polymers with Antidiabetic Activity 

 Carrageenan has been shown  to   decrease postprandial glycemia [ 37 ]. This is sug-
gested to be due to carrageenan increasing the volume and viscosity of the intestinal 
content, thereby slowing the enzymatic diffusion as well as substrate and nutrient 
diffusion to the intestine’s absorptive surface. However, Li and co-workers sug-
gested that the hypoglycemic activity of natural macromolecules is linked to their 
antioxidant activity [ 20 ]. A study of a polysaccharide-protein complex, from which 
a fraction LB-1b was tested in (tetraoxypyrimidine)-induced mice, using a (+) con-
trol of butylated hydroxyanisole (BHA) and a (–) control of 0.9 % NaCl, indicated 
that LB-1b decreased the glucose level by 16.6 %. BHA decreased glucose levels by 
8.32 %, while NaCl increased levels by 1.35 % [ 20 ]. The pathologies of diabetes are 
related to the toxicity of reactive oxygen species [ 20 ,  38 ]. Hence, on extrapolation 
of this mechanism, antioxidant agents such as LB-1b may prevent the attack of 
β-cells and increase insulin secretion.  

8.2.6     Natural Polymers with Antimicrobial Activity 

 Some sulfated  polysaccharides   such as dextran sulfate, chrondroitin sulfate, hepa-
rin, carrageenan, curdlan sulfate, fucoidan, galactan, spirulan, xylomannan, and het-
eroglycan have exhibited antiviral activities in most in vitro studies [ 39 ]. The 
sulfated polysaccharides have exhibited activity over a range of viruses including 
herpes (herpes simplex type 1 [HSV-1], thymidine kinase-defi cient [TK − ] HSV-1, 
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herpes simplex type 2 [HSV-2], cytomegalovirus [CMV]), toga (Sindbis, Semliki 
Forest), arena (Junin, Tacaribe), rhabdo (vesicular stomatitis [VSV]), orthomyxo 
(infl uenza A), and paramyxoviruses (respiratory syncytial virus [RSV]) [ 40 ,  41 ]. 
Competitive inhibition is used to block viral attachment [ 41 ]. The mechanism of 
antiviral activity of carrageenan is suggested to prevent the attachment of the virus 
to the host cell by impeding viral glycoprotein gC’s initial binding to the cellular 
heparin sulfate proteoglycans [ 27 ]. 

 Sulfated konjac  glucomannan   displayed its antiviral activity by exhibiting high 
anti-HIV capabilities [ 42 ]. The mechanism of anti-HIV activity is suggested to be 
by the interaction of the negatively charged sulfate groups alongside positively 
charged glycoprotein gp120 on HIV’s surface, thereby changing the complex’s con-
fi guration thus preventing the HIV from infecting the T cells [ 43 ]. In addition, chi-
tosan oligosaccharides have been shown to exhibit antifungal [ 44 ] and antibacterial 
[ 45 ] activities.  

8.2.7     Natural Polymers with Antiulcer Activity 

 Chitosan (C) and carrageenan (CG)  are   gastroprotective. However, a study in which 
a complex of chitosan and carrageenan was explored for gastroprotective/antiulcer 
activity in Wistar female rats presented an interesting outcome [ 46 ]. C:CG at a ratio 
of 10:1 (w/w) exhibited signifi cantly higher gastroprotection than C:CG at ratio of 
1:10 (w/w), chitosan only and the reference drug Phosphalugel. Indeed the C:CG 
complex [10:1 (w/w)] provided synergistic gastroprotection. The researchers attrib-
uted the synergistic effect to structural modifi cation facilitated by the complexation 
at 10:1 (w/w). The supramolecular structure of C:CG complex [10:1 (w/w)] was 
different from that of C:CG complex [1:10 (w/w)]. 

 Other natural polymers known to exhibit gastroprotection include fucoidan from 
 Cladosiphon okamuranus  [ 47 ].  Cladosiphon  fucoidan acts as an antiulcer agent by 
inhibiting the adhesion of  Helicobacter pylori  to gastric epithelium by attaching to 
the bacterial surface proteins [ 47 ]. In addition,  Cladosiphon  fucoidan inhibits peptic 
activity,    binds to proteins, and prevents the instability of basic fi broblast growth fac-
tor (bFGF).  

8.2.8     Natural Polymers with Other Biological Activities 

 Panlasigui and co-workers suggested  that   carrageenan may modulate cholesterol 
content in food by its ability to simulate the texture and sensory qualities of fat, 
thereby reducing the quantity of fat in foods [ 48 ]. Consequently, they undertook a 
randomized crossover study in human volunteers to assess the antihyperlipidemic 
activity of carrageenan. The volunteers served as their control. The report indicated 
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that carrageenan reduced cholesterol and triglycerides levels by 33 % and 32 %, 
respectively. While high-density lipoprotein (HDL) cholesterol was increased by 32 
%, there was no signifi cant difference in low-density lipoprotein (LDL) cholesterol 
in the presence of carrageenan. Other natural polymers possessing antihyperlipid-
emic include porphyran [ 49 ] and ulvan [ 50 ]. 

 Tooth decay occurs when there is an imbalance  between   demineralization and 
remineralization, leading to the loss of dental enamel. Dental enamel loss is pre-
vented by enhancing the remineralization phase [ 51 ]. Gum arabic from  Acacia sen-
egal  has been shown to prevent tooth decay by enhancing the remineralization phase 
[ 51 ]. In addition, gum arabic consists of cyanogenic glycosides as well as various 
enzymes such as oxidases, peroxidases, and pectinases which have displayed anti-
microbial activity against dental organisms such as  Porphyromonas gingivalis  and 
 Prevotella intermedia  [ 52 ,  53 ]. Although not stated by the author [ 52 ], these com-
ponents of acacia may also be responsible for the delay in plaque deposition. 

 Moon and co-workers suggested in their study  that   fucoidan can be used to pre-
vent and possibly treat skin photoaging caused by ultraviolet B irradiation-induced 
matrix metalloproteinase-1 (MMP-1) expression [ 54 ]. Agar has been shown to have 
antirheumatic activity [ 55 ], while angiotensin-converting enzyme (ACE) inhibitory 
peptides from soy protein have antihypertensive activity [ 56 ]. Table  8.1  provides 
 some   of the polymers and their sources and biological activities.

8.3         Intelligent Polymers for Treatment and Management 
of Diseases 

 Intelligent polymers are polymers that are able to adapt their behavior in response 
to an external stimulus so as to elicit an effect or a change (Fig.  8.2 ). In drug deliv-
ery, they are polymers that, by reason of their response to external stimuli, modulate 
drug release and consequently, therapeutic or pharmacological effects. Intelligent 
polymers are also known as smart polymers, stimuli-responsive polymers, or 
environmental- responsive polymers. Intelligent polymers respond to physiological 
changes such as pH, ions, enzymes, antigens, biochemical, temperature, magnetic, 
and electric fi elds [ 2 ]. Intelligent polymers can be used to fabricate delivery systems 
that can maintain extracellular stability and achieve intracellular release of an active 
ingredient. Nature and materials in nature respond to one stimuli or another. 
Consequently, natural polymers are more inherently disposed to respond to environ-
mental changes than their synthetic analogues. Synthetic polymers are actually 
designed to mimic these natural polymers which further buttress the need to revert 
to nature for intelligent and bioactive polymers. Natural polymers are meritorious 
materials for the fabrication of self-regulated or externally regulated drug delivery 
systems. A drug delivery system can be formulated to sense a physiological change 
with regard to a particular disease, trigger drug release, and, when the physiological 
condition is normal, cut off drug release.
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   Table 8.1    Natural polymers, sources, and their biological activities   

 Polymers  Sources  Bioactivities  References 

 Carrageenans  Red seaweeds (Rhodophyta) 
  Chondrus crispus  
  Gigartina stellata  
  Eucheuma spinosum  
  Eucheuma cottonii  

 Anticoagulant 
 Antioxidant 
 Antidiabetic 
 Antiviral 
 Antiulcer 
 Antihyperlipidemic 

 [ 27 ] 
 [ 28 ] 
 [ 37 ] 
 [ 46 ] 

 Lentinan  Mushroom— Lentinus edodes   Antitumor  [ 4 ] 
 Hyaluronic acid  Animals and microorganisms  Antioxidant 

 Antifungal 
 Antibacterial 
 Antiviral 

 [ 57 ] 

 Polysaccharide-P  Mushrooms— Coriolus 
versicolor  

 Antitumor  [ 16 ] 

 Polysaccharide-K  Mushrooms— Coriolus 
versicolor  

 Antitumor  [ 8 ,  9 ] 

 Laminarin  Brown algae 
  Laminaria longicruris  

 Antitumor 
 Antioxidant 

 [ 21 ] 
 [ 30 ] 

 Angelan  Plant— Angelica gigas  Nakai  Antitumor  [ 22 ] 
 Fucoidans  Brown algae 

  Fucus vesiculosus  
  Sargassum fulvellum  

 Anticoagulant 
 Antioxidant 
 Antiviral 
 Antiulcer 
 Anti-photoaging 

 [ 24 ] 
 [ 28 ] 
 [ 32 ] 
 [ 47 ] 
 [ 54 ] 

 Chitosan  Shrimps and other crustacean 
shells 

 Antioxidant 
 Antifungal 
 Antibacterial 
 Antiulcer 

 [ 29 ] 
 [ 44 ] 
 [ 45 ] 
 [ 46 ] 

 Alginates  Brown seaweed (Phaeophyceae)  Antioxidant 
 Antiulcer 

 [ 30 ] 
 [ 21 ] 

 Ulvan  Green algae 
  Ulva pertusa  Kjellman 

 Antioxidant 
 Antihyperlipidemic 

 [ 31 ] 
 [ 50 ] 

 Porphyran  Red algae 
  Porphyra haitanensis  

 Antioxidant 
 Antihyperlipidemic 

 [ 31 ] 
 [ 49 ] 

 Galacto-fucoidan  Algae— Undaria pinnatifi da   Antioxidant  [ 32 ] 
 Chondroitin sulfate  Porcine, chicken, fi sh, and shark 

tissues 
 Anti-infl ammatory 
 Antiviral 

 [ 34 ] 

 Astragalus 
polysaccharide 

 Plant 
  Astragalus membranaceus  

 Antidiabetic 
 Anti-infl ammatory 
 Antimicrobial 
 Immunostimulator 
 Antihyperlipidemic 
 Anti-hypertrophic 

 [ 58 ] 
 [ 59 ] 
 [ 60 ] 
 [ 61 ] 

 Costus glucans  Plant— Costus spicatus  Swartz  Anti-infl ammatory 
 Immunomodulatory 

 [ 62 ] 

(continued)
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Table 8.1 (continued)

 Polymers  Sources  Bioactivities  References 

 Dextran sulfate  Microorganisms— Leuconostoc , 
 Lactobacillus , and 
 Streptococcus  genera 

 Antiviral  [ 63 ] 

 Heparin  Endothelial cells  Anticoagulant 
 Antiviral 

 [ 64 ] 

 Curdlan sulfate  Microbial— Agrobacterium  sp.  Antiviral  [ 65 ] 
 Galactan  Microorganisms, plants, and 

animals 
 Antiviral 
 Anti-infl ammatory 

 [ 66 ] 

 Spirulan  Blue-green algae— Spirulina 
platensis  

 Antiviral  [ 67 ] 

 Xylomannan  Red algae— Nothogenia 
fastigiata  

 Antiviral  [ 68 ] 

 Heteroglycan  Mushrooms— Lentinus edodes  
  Pleurotus fl orida  

 Antioxidant 
 Immunomodulator 

 [ 69 ] 

 Konjac glucomannan  Tubers of  Amorphophallus 
konjac  

 Antiviral  [ 42 ] 

 Agar  Red algae— Gelidium , 
 Pterocladia ,  Pterocladiella 
species  

 Antirheumatic  [ 55 ] 

 Soy peptides  Soy protein  Antihypertensive  [ 56 ] 
 Levans  Microorganisms 

  Microbacterium laevaniformans  
  Zymomonas mobilis  
  Paenibacillus polymyxa  EJS-3 

 Antitumor 
 Antihyperlipidemic 
 Immunomodulator 
 Anti-infl ammatory 

 [ 70 ] 
 [ 71 ] 

 Schizophyllan  Mushroom 
  Schizophyllum commune  

 Antitumor 
 Immunomodulator 

 [ 72 ] 

 Pullulan sulfate  Microorganism—
 Aureobasidium pullulans  

 Anticoagulant  [ 73 ] 

 Longan 
polysaccharide 

 Plant 
  Dimocarpus longan  Lour. 

 Antitumor 
 Immunomodulator 
 Antioxidant 

 [ 74 ] 

 Gellan sulfate  Microorganism 
  Pseudomonas elodea  

 Anticoagulant 
 Antimalaria 

 [ 75 ] 

 Emulsan  Microorganism— Acinetobacter 
calcoaceticus  

 Immunomodulator  [ 76 ] 

 Arabinogalactan  Plant— Stevia rebaudiana   Antiviral  [ 77 ] 
 Albumin  Animal, soybean, grains  Antioxidant 

 Anti-infl ammatory 
 Anticoagulant 
 Antithrombotic 

 [ 78 ] 

 Lectin  Microorganisms, plants, and 
animals 

 Antibacterial 
 Immunomodulator 
 Antiviral 
 Antitumor 

 [ 79 ] 
 [ 80 ] 
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8.3.1       Natural Polymers with Response to pH 

 The response to pH plays a key role in the delivery  of   drugs, especially through the 
oral route as the gastrointestinal tract presents wide variations in pH value. pH is 
being employed to deliver drugs to the colon. As a colon-specifi c carrier is admin-
istered, the release of the drug is controlled or prevented until the carrier is trans-
ported to the colon. Control of drug is made possible by the use of polymer which 
responds to higher pH. As the carrier passes through the gastric region (stomach), 
the drug is entrapped within the polymer matrix. However, as it arrives to the colon, 
the higher pH in the colon will facilitate the ingress of the physiological medium 
into the matrix, engineering the diffusion and release of the drug from the matrix. 
The polymer may respond to pH by swelling or de-swelling and the drug is released 
in the pH that facilitates swelling. Consider the mechanism by which chitosan 
responds to pH; at higher pH, the amino groups are neutralized breaking down the 
electrostatic linkages between the amino groups and the negatively charged sulfo-
nate groups [ 81 ]. Electrostatic repulsion ensues between the sulfonate groups 
thereby enhancing swelling. Modifi cation of chitosan further ensures release of 
drug at higher pH values than in acidic conditions. Matrices formed from chitosan 
phthalate and chitosan succinate resisted hydration and subsequent release of incor-
porated drugs at gastric pH conditions [ 82 ]. However, the matrices hydrated and 
there was subsequent release at higher pH, with moderate release at pH 6.4 and high 
levels of release at pH 7.4, making chitosan phthalate and chitosan succinate good 
drug carriers for colon-specifi c delivery. For chitosan-fucoidan nanoparticulate sys-
tems, interaction at a ratio of 1:1 was found to be pH sensitive [ 83 ]. The nanoparti-
cles, fabricated via the interaction that formed polyelectrolyte complexes, were 
subjected to pH values ranging from 1.2 to 7.4. The sizes increased from nano- to 
micro size, the zeta potential changed from positive to negative, and the drug was 
signifi cantly released at pH 7.4. These fi ndings suggest that the particulate system 
can migrate from the gastric region to the intestinal region with limited drug released 
in the stomach. Consequently, chitosan-fucoidan particulate system can be used for 

  Fig. 8.2    Schematic diagram depicting potential stimuli, responses, and resultant effects of the 
responses       
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colon- specifi c   drug delivery. An interpolymeric blend comprised of an IPEC 
(carboxymethylcellulose and Eudragit E100) and locust bean gum produced a 
pH- sensitive system in which the hydrogel swelled and retained its three-dimen-
sional shape at pH 1.2, producing a fi rst-order release pattern while it underwent 
surface erosion at pH 4.5 and 6.8 producing a zero-order release pattern [ 84 ].  

8.3.2     Natural Polymers with Response to Biochemicals 

 The functionalities of the human  body   are facilitated by natural polymers, making 
them good candidates for self-regulated drug delivery systems. Self-regulated drug 
delivery systems respond to physiological changes in order to elicit their therapeutic 
effects. Such changes are due to the presence of biochemicals such as enzymes, 
antigens, and glucose. The presence and concentration levels of the biochemicals 
will facilitate the release of the therapeutic agent from the drug delivery system. 
Such regulation will enhance the management of chronic diseases whereby the ther-
apeutic agent is released only when needed. 

 Various studies have been undertaken to deliver insulin for the management of 
diabetes. Insulin can be delivered such as it is only released from the matrix when the 
glucose levels in the cells are low. pH sensitive hydrogels have been used to deliver 
insulin as a change of pH occurs when glucose is converted to gluconic acid by glu-
cose oxidase (in the cells) [ 2 ]. Consequently, insulin is released to promote the uptake 
of glucose from the blood into the cells. However, there are also glucose- sensitive 
delivery systems. Concanavalin A (Con A), a glucose-binding plant protein, has been 
used to regulate insulin delivery [ 85 – 87 ]. Glucose-sensitive hydrogel systems are 
fabricated by  mixing   Con A with polysaccharides or oligosaccharides leading to the 
formation of a gel which changes in viscosity or gel strength (sol-gel phase reversible 
systems) depending on the concentration of glucose, thereby acting as insulin regula-
tor. The release of insulin becomes a function of the concentration of glucose [ 86 ].  

8.3.3     Natural Polymers with Response to Temperature 

 A number of  natural polymers   such as gelatin, agarose, amylase, amylopectin, cel-
lulose derivatives, carrageenans, and gellan display thermo-reversible gelation 
behavior [ 88 ] whereby the solutions of the polymers form gels at lower tempera-
tures. However, some cellulose derivatives form gels at higher temperatures. 
Formulation of drug delivery systems that respond to temperature can be used for 
localization, targeting, and sustained release of drugs. The sol-gel transition leading 
to gelation at body temperature is utilized to prepare injectables. These formula-
tions can serve as a depot releasing the active ingredient over time. Methylcellulose, 
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a cellulose derivative which forms a solution at room temperature, is able to gel at 
body temperature by changing concentration or addition of additives [ 89 ]. The 
localization and release of lysozymes were modifi ed when lysozyme-loaded micro-
spheres were incorporated into thermosensitive methylcellulose-based hydrogels 
[ 90 ]. Lysozyme-loaded microspheres had a 50 % burst release and lysozyme was 
released within 10 days. Lysozyme incorporated directly into the hydrogel had a 30 
% burst release which completed in 15 days. However, lysozyme-loaded micro-
spheres dispersed in thermosensitive methylcellulose-based sol gelled at body tem-
perature; there was no burst release and lysozyme released over 30 days. 

 Grafting of polyethylene glycol (PEG) to  chitosan   produced a thermosensitive 
hydrogel for the sustained delivery of bovine serum albumin (BSA) [ 88 ]. The hydro-
gel formed a gel at body temperature; however, 70 % of BSA was released in 5 h. 
When PEG-g-chitosan solution was cross-linked with genipin, a gel was formed at 37 
°C but the gel formation was not reversible. However, the release of BSA was sus-
tained; 12–15 % released the fi rst day and another 25–30 % in 1 week. The non- 
reversibility of cross-linked PEG-g-chitosan is not a challenge, as once the solution is 
injected, it becomes a depot and releases over time. The gel can dissolve or erode over 
time. Other graftings which are thermosensitive  include   chitosan-g-poloxamer [ 91 ], 
chitosan-g-poly( N -isopropylacrylamide), hyaluronic acid-g-chitosan-g-poly( N -iso-
propylacrylamide) [ 92 ], and pullulan-g-poly( N -isopropylacrylamide- co - acrylamide) 
[ 93 ]. Xyloglucan was utilized for sustained ocular delivery of pilocarpine hydrochlo-
ride due to its gelling ability at the temperature (34 °C) of the eye surface [ 94 ].  

8.3.4     Natural Polymers with Response to Electric Field 

 The ability for a polymer to respond to  an   electric fi eld is based on the polymer’s 
electric potential. Typically such polymers are polyelectrolytes where the response 
to an electric fi eld will require the presence of ions. Usually the response to electric 
fi elds is a mechanical response. A semi-interpenetrating polymer network (semi- 
IPN) hydrogel of chitosan and polyacrylonitrile (PAN) was prepared at a ratio of 1:1 
and thereafter cross-linked with glutaraldehyde [ 95 ]. The fi lm that was formed was 
immersed in a NaCl solution equipped with two parallel carbon electrodes. The 
hydrogel bent toward the anode (Fig.  8.3 ) and reverted to its original state when the 
electric fi eld was deactivated. Such a mechanical response to an electric fi eld pro-
motes the use of natural polymers and their derivatives in the fabrication of artifi cial 
organ components such as sensors,    actuators, and artifi cial muscles. Electric fi elds 
can also be used to modulate drug release as the electric fi eld can produce the con-
comitant swelling of one side of the drug carrier and shrinkage of the other side of 
the drug carrier (or the hemisphere as shown in Fig.  8.3 ). Cross-linked chitosan/
poly(ethylene glycol) hydrogel fi bers also displayed a reversible bending in response 
to an electric fi eld [ 96 ].
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8.3.5        Natural Polymers with Response to Ions 

 The response of a semi- interpenetrating   polymer network (semi-IPN) hydrogel of 
chitosan and polyacrylonitrile (PAN) in the presence of ions was determined [ 95 ]. 
The hydrogel swelled rapidly in a NaCl solution and reached equilibrium (swelling 
range: 151–206 %) in 2 h. However, as the concentration of NaCl is increased, 
swelling of the hydrogel decreased. 

 Gellan gum has been used in the formulation  of   ophthalmic carriers which are 
liquids but become gels when administered in the presence of tear fl uid cations, 
thereby sustaining the rate of drug release and increasing ocular bioavailability 
[ 97 ,  98 ].  

8.3.6     Natural Polymers with Response to Other Stimuli 

 Modification of  natural polymers by   blending, cross-linking, derivative forma-
tion, and grafting has produced polymers exhibiting dual responses. Blending 
two natural polymers, xyloglucan and pectin, resulted in a system that exhibited 
dual responsiveness to variations in temperature and ions [ 99 ]. A blend of 1.5 
or 2.0 % (w/w) xyloglucan/0.75 % (w/w) pectin produced a stronger gel once in 
contact with gastric fluid, reducing gel erosion and consequently sustaining 
drug release.   

  Fig. 8.3    Schematic diagram depicting the response of a hydrogel to electric fi eld       
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8.4     Bionanotechnological Applications of Bioactive 
and Intelligent Polymers 

  Bionanotechnology   is the concept of using biological fundamentals for the creation 
of materials and devices at a nanoscale. It is the concept of using biological materi-
als as building blocks for the fabrication of nanodevices for biological and non- 
biological applications. Some of the biological principles explored for 
nanotechnological applications are smart recognition and self-assembly. A robust, 
practical, and affordable principle of self-assembly that prevails for nanoscale 
building blocks in devices comes from their various desirable pros including repeat-
ability, grandiose scale of production, monodispersity, and simple experimental 
techniques [ 100 ]. Peptide monomers can self-assemble to form nanotubes while 
maintaining their smart functions such as molecular recognition and biomineraliza-
tion. Furthermore, nanotubes without such abilities can be functionalized with an 
antigen or antibody for biomolecular recognition in new applications. Peptide nano-
tubes with smart recognition can be incorporated into a membrane (Fig.  8.4 ) and the 
resultant system can be used as biosensor [ 101 ] for the detection of biological events 
or changes. Peptide nanotubes are biocompatible making them valuable devices for 
biomolecular fi lters as well [ 100 ]. Cyclic peptides stack up to form hollow, β-sheet- 
like tubular structures that are open-ended and have been shown to exert  antibacte-
rial   effects by enhancing the membrane permeability [ 102 ]. A bioactive polymer, 
which is also intelligent or incorporated into an intelligent polymer, fabricated or 
self-assembled into a nanodevice and used in prevention, treatment/management, 
and diagnosis of a disease, is a formidable device. In addition to enhancing thera-
peutic effi cacy, toxicity is minimized and quality of life enhanced. Patients would 
not have to be subjected to several devices when one device can accomplish preven-
tion, treatment, and diagnosis.

  Fig. 8.4    Schematic diagram depicting the production of a biosensor using peptide nanotubes and 
membranes       
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8.5        Commercialized Bioactive and Intelligent Drug Delivery 
Systems 

 Lentinan is currently being produced and sold  in   Japan as an antitumor agent. 
Mushrooms and polysaccharides from mushrooms are currently being grown, purifi ed, 
standardized, produced, and sold by a number of companies including: Zhejiang 
Fangge Pharmaceutical & Healthcare Products Co. Ltd, China; FineCo Ltd, Korea; and 
Aloha Medicinals Inc. and Mushroom Wisdom, USA. These polysaccharides are pro-
duced under good manufacturing practices (GMPs), research, and development using 
state-of-the-art technology. Timoptic XE ®  (Timoptol LP ®  or Timoptol LA ®  in Europe) 
is given once daily as opposed to the regular Timoptol given twice daily. This is made 
possible by the presence of low-acetyl gellan gum in the formula. Astragalus polysac-
charide is commercially available from China Shineway Pharmaceutical Group, a sup-
plier of traditional Chinese medicine injectable, soft gels, and particles. Some of these 
polysaccharides such as carrageenan are being explored as microbicides.  

8.6     Conclusion and Future Outlook 

 As naturapolyceutics continues to advance, the use of natural polymers for biologi-
cal functions and drug delivery will continue to evolve and progress. As the quest 
for active ingredients with little or no toxicity increases, so will research and pos-
sible commercialization of natural bioactive polymers. Natural polymers, being 
compatible with the body, biogenic and biodegradable, give them an edge over their 
synthetic analogues. As currently available drugs, such as antimicrobials, fail, natu-
ral bioactive polymers will be increasingly sought after. Presently, considering the 
prevalence of cancer, the use of bioactive natural polymers is being advocated for 
chemoprevention. Self-regulated drug delivery systems are the solution to the man-
agement of chronic diseases and personalized medicines. For prolonged depot of 
the delivery system, natural intelligent polymers are preferred thereby limiting 
adverse effects. Due to the multifunctionality of natural polymers, they can be used 
to fabricate formidable devices. Bioactive intelligent natural polymers are the poly-
mers for the fabrication of “all-in-one” devices which are able to prevent, diagnose, 
and manage chronic diseases. Natural polymers are the materials of our times. 
However, extensive research, characterization, and regulatory approvals are required 
before more of these polymers become available.     
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    Chapter 9   
 Outlook of Aptamer-Based Smart Materials 
for Industrial Applications                     

       Emily     Mastronardi      and     Maria     C.     DeRosa    

    Abstract     “Smart” materials are advanced materials that are able to change their 
physical or chemical properties in response to external stimuli in their environment, 
and they are fi nding uses in industry such as in drug delivery, for example. By add-
ing a molecular recognition probe to the material that is specifi c to a target of inter-
est, these smart materials can become responsive to specifi c molecules or 
biomolecules. Aptamers are single-stranded oligonucleotides that fold into complex 
structures and bind their targets with high affi nity and selectivity. Due to their stabil-
ity and facile method of synthesis and labeling, DNA aptamers are well suited to 
incorporation in smart materials. The addition of aptamers into these advanced 
materials allows the material to gain functionality from target recognition, altering 
the properties of the material upon target binding. Aptamer-based smart materials 
bring together aptamer technology with materials science, producing multifunc-
tional, advanced materials with tunable properties that could be applied to many 
facets of industry. This chapter will discuss current literature and patents pertaining 
to aptamer-based smart materials and discuss the applicability of these materials for 
industrial applications.  

  Keywords     Aptamers   •   Biosensors   •   Molecular recognition   •   Targeted delivery  

9.1       Aptamer Smart Materials 

 Materials science is a growing fi eld, often combining engineering with physical sci-
ence to yield multifunctional materials. “Smart” materials are a result of this mar-
riage, comprising materials which are able to alter their physical properties as a 
result of sensing a change in their environment such as pH, temperature, and electric 
or magnetic fi elds [ 1 ]. These materials can do more than sense changes in their 
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environment; they can adapt to and report on the changes occurring. Shape memory 
materials can change their shape in response to stress, temperature, or changes in 
magnetic fi eld and are being explored for less invasive medical implants such as 
stents and heart valves [ 2 ,  3 ]. Thermochromic, electrochromic, and photochromic 
materials have been developed, which change color in response to temperature, 
applied voltage, and light, respectively [ 4 – 10 ]. Piezoelectric materials can convert 
applied strain energy into electric energy and are being studied for self-powered 
devices and power harvesting [ 11 – 13 ]. The demand for such materials exists in the 
aerospace, automotive, and packaging industries, with piezoelectric actuators, self- 
dimming mirrors, and smart labels as examples [ 14 ]. As demand for multifunctional 
materials increases, smart materials are gaining popularity in sensing, molecular 
electronics, and controlled release applications. 

 This area of research has extended into biological applications, creating materi-
als that are responsive to biomolecular stimuli. By incorporating a molecular recog-
nition probe, such as an antibody, molecularly imprinted polymer (MIP), or an 
aptamer into the material structure, they become responsive to specifi c targets of 
interest. Aptamers are particularly well suited to incorporation into smart material 
systems [ 15 ,  16 ]. Aptamers are single-stranded oligonucleotides that fold into three- 
dimensional structures that can bind targets with high affi nity and selectivity [ 17 , 
 18 ]. They are made synthetically with a relatively low cost of production and label-
ing and little batch-to-batch variation, which makes them ideal for industrial appli-
cations. Many aptamers have already been developed for a wide range of targets, 
from small molecules to entire cells and organs which could be adapted to serve as 
triggers for bioresponsive smart materials [ 19 – 21 ]. DNA aptamers provide an extra 
layer of regulation to these systems as they can be inactivated by hybridization of 
their complement DNA strands. 

 This chapter will discuss the current developments in aptamer smart materials 
and how they can be utilized in industry to generate multifunctional, bioresponsive 
materials with tunable properties. The aptamer smart materials discussed will 
include materials whose properties are altered by the aptamer-target binding event. 
These materials do more than sense and report the target molecule, but undergo a 
physical change in response to the target, such as degradation of the material or the 
release of a cargo molecule. The incorporation of aptamers into hydrogels, gated 
pores, and polyelectrolyte fi lms will be examined. As the focus of the chapter is on 
industrial applications, examples will be drawn from both patents and journal arti-
cles. Furthermore, an assessment of the future outlook of this area in terms of com-
mercial applications will be provided.  

9.2     Aptamer-Based Hydrogels 

 Hydrogels are composed of cross-linked hydrophilic polymers that can readily 
absorb water, causing them to swell. They have been engineered to become respon-
sive, by allowing the amount of swelling to be infl uenced by environmental factors 
such as pH, ionic strength, temperature, electric fi eld, light, and exposure to 
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solvents [ 22 ]. Hydrogels are used in the production of hygiene products, contact 
lenses, wound dressings, as well as  in   tissue engineering applications [ 23 ]. In order 
for a hydrogel to be considered bioresponsive, its cross-linking density must change 
as a result of a biological stimulus [ 24 ]. Many examples where the binding of DNA 
aptamers to their targets to control the phase transition of hydrogels have been 
described in patents and papers (select patents are shown in Table  9.1 ).

   Tan and coworkers [ 24 ] were among the fi rst to describe such a system, employ-
ing DNA  aptamers to   cross-link polyacrylamide monomers. Each monomer was 
conjugated to a short piece of single-stranded DNA and could be brought together 
through a rationally designed DNA linker strand. The linker strand contained an 
aptamer specifi c to ATP, as well as an extended region complementary to the DNA 
on each monomer. Adding the linker strand caused hydrogel cross-linking, while 
adding the target (ATP) preferentially removed the linker strand due to aptamer- 
target complex formation which led to the disassembly of the hydrogel network 
[ 24 ]. Tan and coworkers patented this technology [ 36 ]. This bioresponsive hydrogel 
could be used for controlled delivery applications, which Tan’s group demonstrated 
with the ATP-dependent delivery of gold nanoparticles (AuNPs) that had been 
sequestered in the hydrogel. They also showed the generality of this approach, by 
applying it to the thrombin aptamer and successfully achieving target-derived 
hydrogel dissolution. With thrombin, the dissolution  kinetics   were slightly slowed, 
demonstrating the tunability of the bioresponsive hydrogels depending on the com-
bination of aptamer and target used. Wei et al. [ 40 ] describe a similar DNA-mediated 
sol-gel hydrogel system. Two short DNA probes were grafted to polyacrylamide, 
and a linker DNA strand, which contained the α-thrombin aptamer, was comple-
mentary to these probes causing a hydrogel to form. When prepared in the presence 
of the aptamer’s target, α-thrombin, the aptamer bound the protein and held it in the 
hydrogel. Addition of a DNA strand complementary to the linker strand caused 
hydrogel disassembly and the release of α-thrombin. 

 Rather than using the aptamers to control the cross-linking of their hydrogels, Liu 
and coworkers [ 41 ] used them to create target-specifi c release of cargo, while the 
hydrogel remained intact. Gold nanoparticles were attached to the hydrogel surface 
using the ATP aptamer. When ATP was introduced, the aptamer preferentially bound 
its target, releasing the gold nanoparticles from the hydrogel.  This   cargo release was 
shown to be specifi c, not responding to structural analogs, and was able to be gener-
alized, giving the same target-specifi c  release   of rhodamine-labeled liposomes. The 
authors could dry and rehydrate the hydrogel, resulting in better target binding and 
slower release properties. This system also worked effectively in physiological con-
ditions, showing its potential as a controlled release system for therapeutics. 

 The ability to deliver multiple cargo molecules from one material could be ben-
efi cial and was investigated by Wang’s group [ 42 ,  43 ]. The authors designed 
aptamer-functionalized hydrogels capable of releasing multiple protein targets on 
demand, utilizing the aptamers’ predictable hybridization to their complementary 
strands (Fig.  9.1 ). The authors functionalized streptavidin-coated polystyrene 
 microparticles with both the VEGF and PDGF-BB aptamers and incorporated these 
microparticles into a hydrogel. The aptamers were shown to bind their respective 
protein targets and hold them within the hydrogel. Each protein could be released 
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only when its aptamer’s complement was added. The authors achieved a daily 
release rate of 14 % (up from 1 %) for VEGF and around 6 % (up from 0.5 %) for 
PDGF when their complement strands were introduced. Importantly, the addition of 
one aptamer’s complement strand was not found to affect the release of the other 
protein. The authors suggest that many aptamer-protein targets could be included in 
one hydrogel, serving as a promising therapeutic tool for  complex   illnesses requir-
ing more than one drug for treatment. The same group acquired a patent for this 
multi-aptamer-hydrogel composite system [ 27 ]. The release rates of the protein 
cargo could be tuned with the aptamer’s dissociation constant (K d ) or by the addi-
tion of the aptamer’s complement strand. This responsive hydrogel system could 
lead to promising new drug formulations.

   Mi and coworkers [ 44 ] were able to achieve the recognition and separation of a 
target molecule in a complex mixture, creating a “catch and release” aptamer- hydrogel 
system. A DNA linker strand was designed containing an aptamer sequence,    DNA 

  Fig. 9.1    Aptamer-functionalized hydrogels for multiple protein release. ( a ) (top) Streptavidin 
(fuchsia)-coated polystyrene microparticles ( blue ) were decorated with two different aptamers 
( red ,  black ). Two targets were added ( yellow ,  red ) and bound their respective aptamers. The mic-
roparticles were incorporated into a hydrogel ( black ) and (bottom) could release either target with 
the addition of each aptamer’s complement strand [ 42 ,  43 ]. ( b ) A laser confocal micrograph show-
ing two different aptamer-functionalized microparticles in a hydrogel. ( c ) Daily release profi les of 
VEGF ( green ) and PDGF-BB ( red ) from a hydrogel, mediated by the addition of sequence-specifi c 
complementary sequences (CS). CS-V6 and CS-P6 were introduced for an hour on days 4 and 8, 
respectively, triggering the release of VEGF and PDGF-BB, respectively. Modifi ed with permis-
sion from [ 43 ], Copyright 2012 American Chemical Society       
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segments complementary to the hydrogel monomers, as well as a toehold sequence. 
This strand was incubated with target molecules in a mixture, and the aptamer sequence 
recognized and bound the specifi c target. After adding the hydrogel monomers, the 
complementary sequences on the linker strand caused the hydrogel formation, with 
target molecules sequestered inside it. The hydrogel was washed to keep only the tar-
get of interest, and the target was subsequently released on demand by adding a DNA 
strand complementary to the full linker strand. The authors demonstrated the utility of 
this method, successfully separating ATP from a mixture of ATP and GTP, as well as 
α-thrombin from a mixture of α-thrombin and bovine serum albumin. This specifi c 
“catch and release” system could be promising in many applications such as molecular 
separation and environmental monitoring. Wang et al. [ 30 ] used this affi nity hydrogel 
separation strategy in a patent they obtained in 2013. By functionalizing a hydrogel 
substrate with aptamers, the authors can bind target mammalian cells in physiological 
conditions, wash and separate the aptamer-target complex, and release the target cells 
using the complement DNA strand. The authors suggest separating cancer cells from 
healthy cells in a physiological fl uid for example. 

 Smart aptamer-based materials with applications as alternatives to traditional 
computing have been investigated, including rationally designed molecular systems 
which are capable  of   Boolean logic operations. Because of its predictable three- 
dimensional shape and capacity to store information, DNA has been used in such 
logic operations [ 45 ]. Aptamer-based logic gates capable of responding to multiple 
targets have been described in multiple papers [ 46 – 51 ] and patents [ 52 – 55 ]. Tan’s 
group created a bioresponsive logic gate using aptamer hydrogels with gold nanopar-
ticles as a visual output, where specifi c target binding led to hydrogel disassembly 
and dispersal of red AuNPs [ 56 ]. In this system, the confi ned state of the AuNPs in 
the hydrogel was equated to “FALSE,” while the AuNPs dispersed in solution indi-
cated “TRUE.” The authors used the ATP and cocaine aptamers to  create an “AND” 
and “OR” logic gate. For the “AND” gate, the hydrogel was formed using  three   DNA 
sequences that were designed to form a Y-shaped structure, where each strand was 
half complementary to each other strand. When both ATP and cocaine targets were 
added, they each bound their respective aptamer and disassembled the hydrogel. 
When only one target was added, two of the three-strand complex remained hybrid-
ized, leaving the hydrogel assembled. Similarly, an “OR” gate was created where the 
addition of either target could trigger hydrogel disassembly. The specifi city of this 
logic gate was also demonstrated, as structural analogs GTP and benzoylecgonine 
were unable to initiate the disassembly of the hydrogel.  

9.3     Gated Pores 

 Mimicking biological pores and channels, such as the gated ion channels found in 
cells, is of great interest to facilitate transport and to  create   molecular actuators and 
transducers [ 57 ]. Using nanoscale porous materials with stimuli-responsive poly-
mers has led to controlled transport responsive to pH, ionic strength, and 
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temperature [ 58 ]. Applying aptamer-target binding to these systems in order to con-
trol transport could create bioresponsive materials for delivery and sensing and has 
been investigated by a number of groups. Schafer and Ozalp [ 59 ] created an anod-
ized aluminum oxide membrane that was responsive to ATP. The membrane con-
tained 20 nm sized pores and was functionalized with amino groups and avidin to 
allow the biotinylated-ATP aptamer to be immobilized on the surface. By adding 
seven nucleotides to the 3′ end, the group was able to create a DNA hairpin with 
exaggerated structure-switching in response to its ATP target. Without an ATP tar-
get, the hairpin structure allowed the passage of fl uorescein sodium salt through the 
membrane. In the presence of ATP, the structure of the aptamer changed and no 
longer allowed the fl uorescein to permeate the membrane. The authors found this 
target-derived permeability change to be dependent on the ATP concentration, to be 
specifi c to ATP, as GTP generated a much smaller response and was reversible. 

 Zhu et al. [ 60 ] created gated nanochannels using a  porous   anodic aluminum 
oxide membrane containing a regular arrangement of 25 nm channels, gated with 
ATP aptamers and graphene oxide (Fig.  9.2 ). The membrane contained a thin fi lm 
of gold allowing the thiol-modifi ed ATP aptamers to be functionalized to its surface. 
These single-stranded aptamers are able to interact with graphene oxide through π-π 
stacking, keeping the rigid graphene oxide sheet close enough to block the fl ow 
through the channel. Upon introduction of ATP, the aptamer binds its target, letting 
go of the graphene oxide sheet and allowing the channel to open. The authors suc-
cessfully impeded the fl ow of glucose, bovine serum albumin, and gold nanoparti-
cles. The specifi city of this responsive gate was also confi rmed as structural analogs 
CTP, GTP, and TTP were unable to restore fl ow through the channels. The use of 
such a responsive gate can be imagined in controlled release and molecular separa-
tion applications.

   Applying this gated pore technology  to   sensing applications, Wang et al. [ 61 ] 
used a bio-nanogate to develop a sensitive, label-free detection system for AIV 
H5N1 virus (Fig.  9.3 ). The enzyme lactate dehydrogenase (LDH) uses the substrate 
 L -lactate and NAD +  to generate pyruvate, NADH, and protons, while amperometric 
measurements can be used to detect the increase in current when this reaction 
occurs. The authors immobilized LDH on a glassy carbon electrode. To this enzyme- 
electrode, the authors attached a porous gold membrane onto which thiolated single- 
stranded DNA probes, complementary to an aptamer, were immobilized. Adding 
the aptamer the group developed for AIV H5N1 virus would close the 20 nm pores 
present in the gold membrane through aptamer-probe hybridization, thus blocking 
access to the enzyme-electrode through the pores. The increase in current obtained 
by the LDH reaction was blocked 52 % when the aptamer blocked the pores. When 
target was added, the aptamer preferentially formed a virus-aptamer complex, dehy-
bridizing from the single-stranded probes and opening the pores. This allowed sub-
strate and coenzyme to fl ow freely to the immobilized enzymes, and an increase in 
current could be detected. The authors were able to use this aptamer-nanogate to get 
electrochemical signals proportional to the concentration of target, with a limit of 
detection of 2–9 HAU. Testing with similar viruses H1N1, H2N2, H4N8, and H7N2 
yielded very little current, suggesting the aptamer-nanogate developed was specifi c 
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to the AIV H5N1 virus. Such a detection system could be applied using the many 
aptamers for biomarkers, toxins, and viruses.

   Porous nanoparticles can serve as delivery vehicles and can be made biorespon-
sive by gating these pores using DNA aptamers, resulting  in   target-derived payload 
delivery. The Wang group [ 62 ] demonstrated an aptamer-gated mesoporous silica 
particle, capable of selectively delivering their fl uorescein payload. The mesopo-
rous silica particle had ATP derivative molecules immobilized on its surface, allow-
ing the AuNP-functionalized ATP aptamers to bind. The bulky AuNPs blocked the 
pores,    allowing the fl uorescein payload to remain inside the nanoparticle. When 
ATP was added, it competed for aptamer binding, removing the blockage and allow-
ing the fl uorescein to be released. The payload release rate could be altered with 
ATP concentration and was unaffected by structural analogs GTP, CTP, and UTP. 
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  Fig. 9.2    Aptamer and graphene oxide-gated nanochannels. ( a ) Aptamers ( red ) were functional-
ized to a porous aluminum oxide membrane ( dark gray ). The aptamers interacted with a graphene 
sheet ( light gray ) blocking fl ow ( green ) through the channels. Addition of target ( red ) caused the 
aptamers to let go of the graphene sheet binding target instead, and restoring fl ow through the 
channels. ( b ) Graphene oxide reduces the fl ow velocity through the nanochannels (no target is 
present). ( c ) Target (ATP)-binding restores the fl ow velocity. Modifi ed with permission from [ 62 ], 
Copyright 2014 Royal Society of Chemistry       
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 An aptamer-gated nanoparticle system was also developed by Ozalp and Shafer 
[ 59 ], this time exploiting the aptamer’s structural change upon target binding to cre-
ate a reversibly gated nanoparticle. Without the target present, the ATP aptamer 
formed a bulky hairpin structure. This hairpin was immobilized on the surface of 
mesoporous silica nanoparticles which were preloaded with a fl uorescein payload. 
The bulky nature of the aptamer hairpin blocked the pores, confi ning the cargo 
inside the nanoparticle. In the presence of ATP, the aptamer bound its target which 
altered the aptamer’s shape. The new, less sterically hindered aptamer no longer 
blocked the pores, allowing the fl uorescent cargo to be released. Removal of the 
ATP target caused the aptamer to revert to its bulky hairpin structure, blocking the 
pores once again. This reversible aptamer-gated nanoparticle is a promising step 
toward controlled and sustained release pharmaceuticals. 

 Using exclusively DNA, Douglas et al. [ 64 ,  65 ] reported and patented a DNA 
nanorobot controlled by an aptamer gate, which can change its shape in response to 
a stimulus molecule and release a payload. The hexagonal robot was created using 
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  Fig. 9.3    Aptamer-functionalized bio-nanogate virus detection system. ( a ) Lactate dehydrogenase 
( green ) was immobilized on a glassy carbon electrode ( gray ). A porous gold layer ( dark yellow ) 
was added, allowing single-stranded DNA probes ( gray ) to be attached. An aptamer ( red ) bound 
the probes, closing the pore and blocking substrate ( orange ) and cofactor ( red ) from the electrode. 
Addition of virus ( blue ) removed the aptamer, opening the pore and allowing substrates and cofac-
tors to reach the electrode. ( b ) The peak currents of the bio-nanogate system: (1) Before aptamer 
was added, (2) after aptamer was added and pores were blocked, (3) after the target virus was 
added, restoring current through the gate. ( c ) Detection of H5N1 using the bio-nanogate system. A 
linear relationship was observed between 2 −10  and 2 2  HAU. Modifi ed with permission from [ 61 ], 
Copyright 2015 from Elsevier       
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DNA origami, having two domains held together with single-stranded DNA hinges. 
The robot was closed with two aptamer-complement locks, which consisted of 
aptamer strands on one domain hybridizing to partially complementary strands on 
the other domain. When specifi c target molecules bound both aptamers, the aptam-
ers dehybridized from their complement strands allowing  the   DNA robot to open 
and sequestered cargo to be released. The authors demonstrated the specifi city of 
their system using combinations of an aptamer derived for platelet-derived growth 
factor (PDGF) and two aptamers developed for T-cell acute lymphoblastic leukemia 
cells (CCRF-CEM). The DNA robot was loaded with fl uorescently labeled antibody 
fragments specifi c to human leukocyte antigen and was incubated with different cell 
types. Using fl ow cytometry to measure fl uorescence, the authors found labeled 
cells only when the correct combination of aptamer targets corresponding to the 
aptamer locks were present on the cells, allowing the DNA robot to open and expose 
the cells to its fl uorescent cargo. Since two aptamer locks were present on the robot, 
using different aptamer locks created an “AND” gate, allowing the robot to distin-
guish between different cell types. The authors also demonstrated the DNA robot’s 
ability to affect cell behavior, using antibodies to human CD33 and human CDw328 
as cargo.    These targets have been shown to arrest growth of leukemic cells, and 
when specifi cally delivered by the DNA robot, cell growth was arrested in NKL 
cells. More recently, the authors expanded their DNA nanorobot system creating 
logic gates, by using the key for one robot as cargo in another, for example, such 
that the opening of the fi rst robot from an external stimulus released the key for the 
second, allowing the robots to open in succession [ 66 ] (Fig.  9.4 ). This was success-
fully completed in a cockroach model, creating “AND,” “OR,” “XOR,” “NAND,” 
“NOT,” “CNOT,” and half adder logic gates in vivo. The authors demonstrated 
 biological computing, and work in this area could provide computational control of 
therapeutic delivery.

9.4        Aptamer-Polyelectrolyte Films and Microcapsules 

 There are many applications of  thin   fi lms in industry, requiring fi lms with consistent 
composition and thickness. The layer-by-layer technique is one way to achieve 
fi lms with controllable properties and involves the repeated layering of oppositely 
charged polyelectrolytes. This process can be easily automated and scaled up [ 67 ] 
and is well suited to aptamer incorporation, as DNA is a negatively charged polymer 
[ 68 ,  69 ]. Polyelectrolyte fi lms have already found their way into commercial appli-
cations, such as coatings for contact lenses and fl exible conducting fi lms known as 
metal rubber [ 70 ,  71 ]. The fi rst report of a multilayered aptamer-polyelectrolyte thin 
fi lm was in 2009 and showed that aptamers embedded in fi lms were still able to bind 
their targets, retaining their specifi city with only a slight decrease in their affi nity 
[ 72 ]. This showed that aptamers were able to confer their target-binding ability to 
the polyelectrolyte thin fi lms, opening the door for sensing and controlled release 
applications. 
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 Toward this goal, target-responsive polyelectrolyte fi lms were made into micro-
capsules, incorporating the aptamer into the walls, and the effect on permeability was 
studied [ 73 ]. The diffusion of sulforhodamine B dye through the microcapsule walls 
was investigated using fl uorescence recovery after photobleaching (FRAP). The 
microcapsules containing aptamers embedded in their walls showed an increase in 
dye diffusion almost an order of magnitude higher than microcapsules containing a 
random DNA strand, or containing no DNA. This was suspected to be caused by the 
aptamer changing its shape upon target binding, altering the permeability of the fi lm. 
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  Fig. 9.4    Aptamer-gated DNA nanorobot. ( a ) Hexagonal DNA “robots” were created using DNA 
origami with two domains held together by DNA aptamer locks. When a target (navy) was added, 
aptamer-target binding caused the domains to open, releasing a second target (fuchsia). The second 
target acted as the key for another robot, causing successive opening. ( b ) Design of various logic 
gates by mixing P (positive regulator robot, loaded with a key for subsequent robot) and N (nega-
tive regulator robot, loaded with clasps forcing subsequent robot to close) robots with effector (E) 
robots at different ratios. “AND” gate: E robot opened if both X and Y cues were present. “OR” 
gate: Two robots were added, P1 (opened in response to X and carried the key to Y gate of E) and 
P2 (opened in response to Y and carried the key to X gate of E) such that robot E could open with 
either X or Y. “XOR” gate: N robots were added, such that X and Y together activate N which 
closed E, creating a “XOR” gate which opened in response to X or Y, but not both. Half Adder: F 
robot was added which did not respond to P1 or P2, nor was negated by N. Robot E was activated 
by either X or Y while XY together activates F (E was closed by N). Modifi ed with permission 
from [ 66 ], Copyright 2014 MacMillan Publishers Ltd       
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 Chen et al. [ 74 ] describe an electrochemiluminescent (ECL) sensor platform 
that utilizes the target-derived permeability change of aptamer layer-by-layer 
fi lms. A glassy carbon electrode was modifi ed with an effi cient ECL nano-emitter, 
Au-g- C 3 N 4 . On top of this layer, the authors added thin fi lms containing DNA 
aptamers for BPA which acted as a gate.    The diffusion of S 2 O 8  2−  to the ECL sensor 
was needed to generate an ECL response, and its diffusion through the fi lm was 
dependent on aptamer-target binding. Without BPA, the S 2 O 8  2−  was less able to 
reach the sensor. When BPA was added, it could bind its aptamer in the polyelec-
trolyte fi lm causing a conformational change and increased diffusion through the 
fi lm. When BPA was present, the ECL intensity increased 64 times, indicating a 
target- responsive permeability change in the fi lm. The authors achieved a limit of 
detection of 0.05 ng/mL of BPA and were able to regenerate their sensor by 
unfolding the aptamer with 1.0 M imidazole. This study shows the promise of 
developing sensitive and specifi c detection platforms using aptamer-based target-
responsive fi lms. 

 Zhang et al. [ 75 ] were able to achieve target-molecule-triggered rupture of layer- 
by- layer polyelectrolyte microcapsules containing aptamers as a scaffold. The poly-
electrolyte fi lms were deposited on a CaCO 3  core that had been doped with 
polystyrene sulfonate and sulforhodamine B dye-specifi c aptamers. The aptamers 
acted as a scaffold that supported the outer polyelectrolyte layers. When the target 
dye was incubated with the microcapsules, almost all the microcapsules collapsed 
after 24 h and after 6 days of incubation, 60 % of the microcapsules had collapsed 
and burst. This suggested that target dye could permeate the layer-by-layer micro-
capsules, and aptamer-target complex formation resulted in collapse of the micro-
capsules. This same bursting phenomenon of the microcapsules was not seen when 
using a structural analog, showing the specifi city of the aptamer-target complex. 
This system could have applications for controlled delivery in response to specifi c 
targets (Fig.  9.5 ).

9.5        Future Outlook 

 While recent efforts to date have confi rmed that aptamer-based smart materials hold 
a great deal of promise, the question remains whether these multifunctional materi-
als can make the transition from research curiosity to commercial applications. 
Practical limitations, such as cost, could be a major obstacle to the industrial and 
commercial application of these materials. While the synthesis of nucleic acid 
aptamers is relatively inexpensive when compared to other molecular recognition 
elements, such as antibodies, it would still make up the major fraction of the cost of 
smart material production. However, given the rapid advances in technologies asso-
ciated with the synthetic production of DNA, it is reasonable to expect that the cost 
of aptamer production will continue to decrease [ 76 ]. Another potential drawback 
of this technology is that its generality has not been extensively tested. Many of the 
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studies reporting aptamer smart materials involve proof-of-concept aptamer-target 
systems such as for ATP, sulforhodamine B dye, or thrombin. Numerous aptamers 
have been developed for a wide range of pertinent biological targets and could be 
utilized in these systems to produce novel smart materials. An unlimited number of 
aptamer smart material systems could be accessed by selecting new aptamers for 
important targets such as small molecules and proteins implicated in disease, and 
inserting them into these reported systems. With many proof-of-concept studies 
completed, researchers can now move into building useful tools for immediate use. 
New materials should also be developed to maximize the utility of aptamer smart 
materials for controlled delivery for example. Introducing biodegradable polymers 
could facilitate the use of these systems. Recently, the sulforhodamine B DNA 
aptamer was incorporated into layer-by-layer fi lms of chitosan and hyaluronan and 
the aptamers were shown to retain their binding function [ 77 ]. The success of this 
biodegradable fi lm system shows that aptamers can easily be applied to many com-
binations of fi lms, tailored to the desired function. It also shows that aptamers can 
be applied to the biodegradable and biocompatible systems that would be required 

  Fig. 9.5    Aptamer-responsive polyelectrolyte microcapsules. ( a ) Aptamers ( red ribbons ) were 
doped into a CaCO 3  core ( gray circle ), onto which polyelectrolytes ( blue  and  green ribbons ) were 
deposited. Removing the CaCO 3  left an aptamer scaffold supporting the polyelectrolyte fi lm. 
Target ( green triangles ) bound the aptamers, removing the scaffold and causing the microcapsules 
to collapse and burst. ( b ) Confocal laser scanning microscopy (CLSM) image of sulforhodamine 
B aptamer (SA): polystyrene sulfonate (PSS)-CaCO 3  microcapsules prepared with fl uorescein- 
labeled aptamers. ( c ) CLSM image of SA: PSS-(Polydiallyldimethylammonium chloride (PDDA)/
PSS) 5  microcapsules prepared from fl uorescein-labeled aptamers. ( d ) Colocalization experiment 
showing aptamer-target binding caused microcapsule rupture after 6 days. Sulforhodamine B tar-
get at 1 mM and 0.1 KCl was used. Inset image shows ruptured nonfl uorescent aptamer microcap-
sule. Modifi ed with permission from [ 75 ], Copyright 2013 American Chemical Society       
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in pharmaceutical and biomedical applications. Incorporating aptamers into new 
polymer materials, beyond polyelectrolytes, to make them bioresponsive will also 
expand the capabilities of aptamer smart materials. 

 Beyond widening the scope of targets and polymer systems, new applications 
for smart materials should be investigated. Active targeting of therapeutics using 
DNA aptamers has been found to decrease off-site toxicity in the delivery of drugs, 
such as chemotherapeutics for example [ 21 ]. Using smart materials in these formu-
lations could add an extra layer of control, in addition to simply targeting. Using 
aptamer materials could regulate the dose of drug delivered once the target site is 
reached, tailoring the dose to the level of disease in each individual. This type of 
dual labeling could be applied to porous nanoparticles, with an aptamer for target-
ing and another for gating, or to hydrogels, with an aptamer for targeting and 
another for controlling cross-linking, creating many new targeted responsive mate-
rials. Aptamer-gated pores could also fi nd utility in selective microbial and/or cell 
culture applications. Porous aluminum oxide substrates have attracted a lot of 
attention of late in biomedical applications [ 78 ]. Aptamers could be employed for 
both the selective attachment through cell surface biomarkers, as well as the trig-
gered delivery of nutrients, differentiation factors, and others. Similarly, aptamer- 
functionalized surfaces could facilitate the adhesion of multiple cell types in 
predetermined patterns for the fabrication of micro-organs and tissues [ 79 ]. For the 
creation of “organs-on-chips,” the position and orientation of cells are particularly 
important and have been investigated by seeding cells in confi ned microfl uidic 
devices. The incorporation of aptamers to these devices could facilitate cell-spe-
cifi c adhesion, nutrient delivery, as well as the specifi c delivery of differentiation 
factors to individual cell types. These micro-organs and tissues built using aptamer-
functionalized materials could facilitate drug development and accelerate regen-
erative medicine.  

9.6     Conclusion 

 Using DNA aptamers in advanced materials generates bioresponsive systems with 
tunable properties, with uses in sensing, molecular electronics, and controlled deliv-
ery. The feasibility of aptamer smart materials was demonstrated through the suc-
cessful development of smart hydrogels, gated pores and nanomaterials, and 
aptamer-responsive polyelectrolyte fi lms, while their industrial and commercial 
promise was demonstrated through the many patents obtained for aptamer hydro-
gels and logic gates. Applying these systems to biologically-relevant targets and 
creating new materials could generate innovative sensors, controlled release formu-
lations, and molecular separation devices for novel pharmaceutical and environ-
mental products.     
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Chapter 10
Superhydrophobic and Water-Repellent 
Polymer-Nanoparticle Composite Films

Ioannis Karapanagiotis and Panagiotis Manoudis

Abstract The wetting properties of the surfaces of polymer films changed dramati-

cally from the usual inherent hydrophobicity (or slight hydrophilicity) to superhy-

drophobicity (contact angle, CA > 150°) by embedding oxide nanoparticles into the 

polymer matrices. The desired hierarchical roughness at the micrometer and nano-

meter scale was induced in poly(methyl methacrylate), polystyrene, and four 

poly(alkyl siloxane) films enriched with silica, tin oxide, alumina, and zinc oxide 

nanoparticles, ranging from 7 to 70 nm in mean diameter. Particles were added in 

the polymer solutions which were afterward sprayed on various substrates, such as 

glass, silicon, concrete, aluminum, silk, paper, wood, marble (white), sandstone, 

and mortar. It is stressed that superhydrophobicity was accompanied by water repel-

lency, as evidenced by the low contact angle hysteresis (CAH < 10°). Consequently, 

it is demonstrated that the simple suggested method for transforming the wetting 

properties of polymer films to achieve extreme nonwetting is flexible as it can be 

effectively applied using different materials, including polymers and nanoparticles 

of low cost. Moreover, the method can be easily used for the surface treatment of 

large and various substrates. The effects of the (1) concentration and size of the 

nanoparticles, (2) chemical nature of the polymer matrix, and (3) treated substrate 

on the wetting properties of the films were investigated and interpreted using scan-

ning electron microscopy (SEM). Finally, it is shown that depending on the color of 

the underlying substrate, the superhydrophobic water-repellent polymer- 

nanoparticle films may have a negligible effect on the aesthetic appearance of the 

treated substrate.
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10.1  Introduction

Nanoparticles and nanofillers are often embedded into polymer matrices to produce 

nanocomposites with improved mechanical, thermal, electronic, or optical proper-

ties [1, 2 -

faces, the wetting properties of the surfaces of these nanocomposites have recently 

attracted considerable attention [3–29]. Nanoparticles, used as additives, can mod-

ify the surface structure enhancing, for instance, surface roughness. The latter is a 

key parameter to achieve superhydrophobicity and water repellency, which was first 

displayed on hierarchical structured biosurfaces.

Two biological surfaces that have been extensively used as model surfaces to 

fabricate biomimetics materials of special and controlled wettabilities are that of the 

lotus leaf and rose petal [30, 31]. Both plant surfaces exhibit superhydrophobic 

properties, implying that the static contact angle (CA) of a resting water droplet is 

large, CA > 150°. However, the two plant surfaces show different dynamic wetting 

which is directly related to water repellency/adhesion. That is, water droplets can 

effortlessly roll off the surface of a lotus leaf (“lotus effect”) [30] whereas they stay 

pinned to the surface of a red rose petal (“petal effect”) [31], thus corresponding to 

low and high contact angle hysteresis (CAH), respectively. Hence, industrial materi-

als with lotus leaf-like surfaces are useful for applications relevant to water repel-

lency, self-cleaning, and friction reduction. Artificial surfaces with rose petal 

properties show water adhesion and therefore have potential for applications such as 

the controlled transport of small volumes of liquid in open microfluidic devices 

[32]. Potential applications of biomimetics materials with special wetting properties 

are discussed at the end of the article.

Several parameters of a binary polymer-nanoparticle film may affect its surface 

wettability: the roles of the (1) concentration and size of the nanoparticles, (2) poly-

mer matrices, and (3) substrates, used to support the composite films, are investi-

gated herein. Oxide nanoparticles, with sizes ranging from 7 to 70 nm, are dispersed 

in polymer solutions at various concentrations. Dispersions are afterward sprayed 

on several substrates, and the wettabilities of the resulting composite polymer- 

nanoparticle films are investigated with contact angle measurements (CA and CAH) 

of water drops and interpreted using scanning electron microscopy (SEM). It is 

shown that the deposited films can have superhydrophobic and water-repellent 

properties, provided that the key parameters described above have been selected 

appropriately. Consequently, the studied method can be used to tune the wetting 

properties of polymer-nanoparticle films and achieve nonwetting.

The method has some important advantages: (1) it is an easy, one-step method; 

(2) it is of low cost, as it does not include the use of any sophisticated instrumenta-

tion or expensive materials; (3) the method can be easily used for the surface treat-

ment of large and various substrates; and finally (4), superhydrophobicity and 

water repellency are achieved using various oxide nanoparticles and polymers, 

thus providing a lot of flexibility to engineers who would like to adapt the method 

using materials, polymers, and nanoparticles according to their needs.
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On the other side, a drawback of the suggested method is that it may have an 

impact on the aesthetic appearance of the treated substrates because the oxide par-

ticles are white and therefore not transparent in visible light. As coloring alterations 

induced by protective coatings are usually undesirable, colorimetric measurements 

were carried out and discussed in detail.

10.2  Experimental

For most studies described in the following, Rhodorsil was used, which is a 

poly(methyl siloxane) dissolved in white spirit (mixture of aliphatic and alicyclic 

hydrocarbons) at a concentration of 7 % wt. Silica nanoparticles, 14 nm in mean 

diameter, were dispersed in the Rhodorsil solution in various concentrations. The 

Rhodorsil-silica dispersions were stirred mechanically and sprayed on silicon 

wafers, used as substrates to support the Rhodorsil-silica nanocomposites. The sur-

faces of the produced composite films were used for extensive studies. However, 

other nanoparticles, polymers and substrates, summarized in Table 10.1, were 

included for further investigations.

Dispersions were applied using an airbrush system with a nozzle of 733 μm in 

diameter. After drying, the wettabilities of the surfaces of the films were investi-

gated by the sessile drop method using a Krüss DSA 100 apparatus and distilled 

Table 10.1 Materials used in the study

Nanoparticle Polymer solution

SubstrateMaterial

Mean 

particle 

size 

(nm)

Mean 

particle 

SSA 

(m2/g) Polymer Solvent

Silica 

(SiO2)

7 390 Rhodorsil, 

poly(methyl 

siloxane)

spirit

Glass, silicon, 

concrete, aluminum, 

silk, paper, wood, 

marble (white), 

sandstone, mortar
Silica 

(SiO2)

14 200 PMMA, 

poly(methyl 

methacrylate)

Toluene

Tin oxide 

(SnO2)

32.5 30 PS, polystyrene Toluene

Alumina 

(Al2O3)

45 36 Silres BS 290, 

poly(alkyl siloxane) spirit

Zinc oxide 

(ZnO)

70 17.5 Porosil VV plus, 

poly(alkyl siloxane) spirit

Silres BS 4004, 

poly(alkyl siloxane)

Nanoparticles of different sizes and specific surface areas (SSAs) were dispersed in various poly-

mer solutions. Dispersions were sprayed on various substrates, described in the table. It is notewor-

thy that a water-soluble resin (Silres BS 4004) was included in the study
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droplets were captured immediately to measure the static contact angle (CA). The 

contact angle hysteresis (CAH) was calculated by the dynamic sessile drop method. 

The advancing/receding contact angle was the maximum/minimum angle mea-

sured, while the volume of the droplet was increased/decreased without increasing/

decreasing the solid-liquid interfacial area. The reported CA and CAH are averages 

of several measurements which varied within ±2°.

The morphologies of the film surfaces were investigated using scanning electron 

microscopy (SEM, Jeol JSM-840A). Colorimetric measurements were carried out with 

100 for white), the red-green component (positive for red and negative for green), and 

the yellow-blue component (positive for yellow and negative for blue), respectively.

Finally, solutions of pure polymers (without particles) were spin coated onto sili-

con wafers to produce smooth surfaces and to evaluate the inherent degree of hydro-

phobicity of the organic materials. CA measurements of water droplets on these 

very smooth polymer surfaces are summarized in Table 10.2.

10.3  Results and Discussion

10.3.1  Effect of the Particle Concentration on the Wettability 
of the Composite Films

Figure 10.1a shows the variations of the static contact angle (CA) and the contact 

angle hysteresis (CAH) with particle concentration, for water droplets placed on 

Rhodorsil-silica (14 nm) films. The CA initially increases with particle concentra-

tion from 105°, for pure Rhodorsil without particles, to 163° for 1 % w/v or higher 

particle concentrations. Further increase in particle concentration (>1 % w/v) does 

not have any significant effect on the CA which is (1) stable, corresponding to the 

plateau of the curve in Fig. 10.1a, and (2) extremely high, (>150°) corresponding to 

superhydrophobicity. As silica is a hydrophilic material, it is safe to conclude that 

the nanoparticles only contribute to surface roughness, while it is the siloxane poly-

mer that is in the topmost layer all over the surface [6, 21, 33].

Table 10.2 CA of water droplets on smooth 

polymer surfaces, which were prepared by spin 

coating onto silicon wafers

Polymer CA (°)

PMMA 72

PS 90

Silres BS 290 97

Rhodorsil 102

Porosil 104

Silres BS 4004 111
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Fig. 10.1 (a) Static contact angle (CA) and contact angle hysteresis (CAH) versus the concentra-

tion of silica particles (14 nm) embedded in Rhodorsil. Films were deposited on silicon wafers. 

The data of CA is fitted with a three-order polynomial function to guide the eye. SEM images 

revealing the evolution of surface structure are included. (b) Force needed to start a drop moving 

over the Rhodorsil-silica film surface (F) normalized to its initial value (Finitial), which corresponds 

to pure Rhodorsil, versus the particle concentration. Schemes I and II show the wetting scenarios 

for films prepared using low and high particle concentration, respectively. The nanocrevices exist-

ing on the protruded clusters are revealed by the SEM image
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The results of the CA in Fig. 10.1a are in agreement with previously published 

studies which described the effect of nanoparticles on the surface of 

 polymer- nanoparticle composite films [6, 13, 19, 21]. Nanoparticles form microscale 

clusters which enhance the roughness of the surface at the micrometer/nanometer 

scale. Initially, the clusters are randomly distributed and are separated by smooth 

areas of continuous polymer film, as shown in the SEM images of Fig. 10.1a, cap-

tured for films prepared using dispersions of 0.1 and 0.3 % w/v nanoparticles. 

in a continuous rough surface according to the SEM images corresponding to 1.5 

and 2 % w/v particle concentration. This dense rough surface structure is responsi-

ble for the observed superhydrophobicity, as it was first evidenced on the surfaces 

of various plants, including that of the lotus leaf [30].

The variation of the CAH with particle concentration is more complicated com-

pared to the behavior of CA, described above. According to the results of Fig. 10.1a, 

as the particle concentration increases, an increase in CAH is first recorded, which 

reaches a maximum value and then decreases. At the particle concentration of 

around 1 % w/v, CAH is minimized (<5°) and becomes constant. The variation of 

CAH with particle concentration is interpreted by the SEM images included in the 

same Fig. 10.1a

clusters, in films prepared using low particle concentration. Therefore, the clusters 

may act as pinning sites resulting in an increase of CAH. As the particle concentra-

tion increases, a continuous rough structure is formed eliminating the pinning sites, 

thus decreasing droplet adhesion and enhancing repellency. Therefore this change 

of the surface morphology is accompanied by a drop of CAH which reaches a very 

small value. As the surface structure of the Rhodorsil-silica film becomes saturated, 

both CA and CAH become constant, corresponding to very high and low values, 

respectively. Consequently, both superhydrophobicity and water repellency occur at 

the surfaces of the films which correspond to particle concentration >1 % w/v.

According to the SEM images of Fig. 10.1a, surface roughness increases with 

particle concentration. This was observed in previous studies on polymer- 

nanoparticle composites [6, 7, 13, 14, 19, 21]. Consequently, it can be argued that 

the horizontal axis of the plot in Fig. 10.1a corresponds qualitatively to surface 

roughness. Therefore, it is concluded that the variation of CAH in Fig. 10.1a is in 

agreement with the results reported by (1) Johnson and Dettre who measured the 

advancing and receding contact angles of water drops on wax [34], (2) Tserepi et al. 

who carried out CAH measurements on plasma-treated PDMS surfaces [35], and 

(3) Morra et al. who reported advancing and receding contact angles on plasma- 

treated PTFE surfaces [36]. Finally, the CAH variation reported in Fig. 10.1a for 

composites prepared using 14 nm silica particles is in excellent agreement with a 

previous investigation where the effect of 7 nm silica nanoparticles on the wettabil-

ity of a siloxane-silica composite was reported [6].

As described previously, superhydrophobicity is assessed by the large 

CA. However, water repellency or adhesion is evaluated through CAH, which is 

directly related to the force needed to start a drop moving over a solid surface [37]:
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F lv= -( )g cos cosRCA ACA

 
(10.1)

where F is the critical force per unit length, γlv the liquid-vapor interfacial surface 

tension, and RCA and ACA are the receding and advancing contact angles, respec-

tively. According to Eq. (10.1), F must vary according to CAH which is the differ-

ence between ACA and RCA (CAH = ACA−RCA). This is shown in the plot of 

Fig. 10.1b where the force F normalized to its initial value, Finitial, is shown as a 

function of the particle concentration. The curve in Fig. 10.1b follows the behavior 

of CAH reported in Fig. 10.1a. Two schemes illustrating water droplets on the rough 

surfaces are provided. As argued previously, in scheme I (low particle concentra-

tion), water fills the large, smooth areas that exist among the clusters. In this case, 

clusters act as pinning sites resulting in an increase of F. However, it is quite pos-

sible that water does not penetrate the nanocrevices (SEM image in Fig. 10.1b) that 

Apparently, scheme I cannot be rationalized by the Cassie-Baxter model [38] which 

can be applied to interpret the scenario of scheme II (high particle concentration), 

where a dense rough structure exists inducing non-sticking properties. In the Cassie- 

Baxter state of scheme II, the force F is extremely small, as evidenced by the results 

of Fig. 10.1b. In particular, for particle concentration ≥1 % w/v, F/Finitial equals 0.05, 

implying that it takes 20 times as less force to move a drop on Rhodorsil-silica than 

on a pure Rhodorsil film. On the contrary, a higher F than Finitial must be applied 

when the scenario of scheme I is realized.

10.3.2  Effect of the Particle Size on the Wettability 
of the Composite Films

Figure 10.2 shows the CA and CAH measurements of water droplets on Rhodorsil- 

nanoparticle composites which were prepared using five different nanoparticles: 

silica (of two sizes), tin oxide, alumina, and zinc oxide. The particles are described 

in Table 10.1. For comparison, the CA and CAH measured on pure Rhodorsil 

(without nanoparticles) are included in the graph. It is stressed that the Rhodorsil-

silica composites were prepared using 2 % w/v particle concentration. Higher con-

centrations (10 % w/v) of tin oxide, alumina, and zinc oxide nanoparticles were 

embedded in the Rhodorsil matrix to achieve the results reported in Fig. 10.2. The 

cross-influence effect of particle size and concentration on the wettability of the 

composite film is discussed later. The goal of Fig. 10.2 is to prove that superhydro-

phobicity (CA > 150°) and water repellency (CAH < 10°) can be achieved using 

various nanoparticles ranging from a few, up to several tenths of nanometers. This 

result is important because it provides the flexibility to select appropriate nanopar-

ticles depending on the desired application. Karapanagiotis et al. [39] and Ogihara 

et al. [16] showed that superhydrophobicity can be induced using nanoparticles 

that are up to 150 and 200 nm in mean diameter, respectively (i.e., particles bigger 
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than the 70 nm zinc oxide particles included in Fig. 10.2). Ogihara et al. [16] indi-

cated that superhydrophobicity is not achieved when particles of 500 nm in mean 

diameter (or higher) are embedded in the polymer matrix. Consequently, the high 

CA values reported in Fig. 10.2 are in agreement with the two previously published 

reports [16, 39]. Furthermore, Fig. 10.2 shows that the superhydrophobic and 

water-repellent characteristics of the composite films are not affected by the size 

and chemical nature of the nanoparticles. For the five nanoparticles included in 

Fig. 10.2, CA varies only between 162 and 163°, whereas CAH falls within 3–4°. 

Consequently, the wetting properties of the five composite films are similar. This 

result offers support to the argument provided previously that nanoparticles only 

contribute to surface roughness, while it is the polymer that is in the topmost layer 

all over the surface.

Figure 10.3 shows the variation of CA with particle concentration for Rhodorsil- 

silica (7 nm) and Rhodorsil-zinc oxide films, which are the composites prepared 

using the smallest and biggest nanoparticles of the study (Table 10.1). The two 

curves in Fig. 10.3 follow the tendency explained in Fig. 10.1a. In both sets of data 

of Fig. 10.3, the same maximum CA is achieved (163°) corresponding to the pla-

teaus of the two curves. This maximum CA was reported in Fig. 10.2 and it is inde-

pendent of the particle size. However, Fig. 10.3 clearly shows that in order to 

achieve the maximum CA, different particle concentrations must be used for 

nanoparticles of different sizes. More/less nanoparticles must be embedded in the 

polymer matrix when big/small nanoparticles are used to achieve the maximum 

superhydrophobicity.
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Fig. 10.2 CA and CAH on Rhodorsil-nanoparticle composites which were prepared using the 

particles of Table 10.1. Particle concentrations used to prepare the films were as follows: 2 % w/v 

silica (of two sizes) and 10 % w/v tin oxide, alumina, and zinc oxide. For comparison, CA and 

CAH on pure Rhodorsil (no particles) are included. CA and CAH are independent of the particle 

used; as for the five composite films, the angles range within only 162–163° and 3–4°, respectively. 

Consequently, the wettabilities of the five composite films are similar and clearly different than the 

hydrophobic character of the pure Rhodorsil (no particles) which is described by a low CA (105°) 

and high CAH (25°)
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Figure 10.4 provides a better understanding of the cross-influence effects of par-

ticle size and concentration on the wettability of the composite films. The vertical 

axis of the plot corresponds to the critical particle concentration (CPC), defined as 

the minimum particle concentration that must be used to achieve superhydrophobic-

ity [39], that is, the particle concentration which corresponds to CA = 150°. CPCs 

corresponding to the Rhodorsil-silica (7 nm) and Rhodorsil-zinc oxide composite 

films were illustrated in Fig. 10.3. The horizontal axis of the plot in Fig. 10.4 cor-

responds to the particle specific surface area (SSA) and not to the particle size. SSA 

values for the five nanoparticles included in the study are given in Table 10.1. The 

SSA is the fundamental property of the particles which is responsible for the cre-

ation of the “new surface” and the increase of surface roughness, occurring with the 

addition of the particles into the polymer matrix. Because surface roughness directly 

affects the wetting properties of a surface, it is concluded that SSA must be included 

in the study’s considerations. In principle, SSA is related to the particle size; the 

smaller the particle, the higher the SSA. However, this rough rule is not always cor-

rect, as evidenced by the data of tin oxide and alumina particles in Table 10.1. 

Consequently, the variation of CPC for different composites should be studied with 

respect to the SSA and not to the actual particle size. For this reason SSA is used in 

the plot of Fig. 10.4.

Figure 10.4 shows that when particles of high SSA are used for the preparation of 

the polymer-particle composite, low CPC is required to achieve superhydrophobic-

ity. Two regimes are defined in Fig. 10.4: (1) a superhydrophobic regime that falls 

above the CPC curve and (2) a hydrophobic regime that falls below the fit of the 

data. The tendency of the curve shown in Fig. 10.4 is similar to the behavior reported 
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The calculation of the critical particle concentrations (CPCs) corresponding to CA = 150° is illus-
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previously for polymer-nanoparticle composite films which were prepared using 

three alumina nanoparticles of different sizes [39]. Furthermore, the plot of Fig. 10.4 

shows that decreasing the SSA from 390 to 200 m2/g does not have any significant 

effect on the CPC and that the two silica nanoparticles used herein had comparable 

effects on the wettability of the composite films. However, decreasing the SSA from 

200 to 36 m2/g (SSA of the alumina particle) results in a considerable increase of the 

measured CPC which becomes very sensitive to any further decrease of the SSA.

10.3.3  Effect of the Polymer on the Wettability 
of the Composite Films

In the last section, the same polymer (Rhodorsil) was blended with different nanopar-

ticles. Here, the same type of particles, that is, silica (7 nm), at a concentration of 

2 % w/v, is dispersed in solutions of six polymers including PMMA, PS, Silres BS 

290, Porosil, Silres 4004, and Rhodorsil. Solvents used to prepare the solutions are 

described in Table 10.1. According to Table 10.2, CAs measured on smooth surfaces 

of the aforementioned polymers range from 72 to 111°. Consequently, the inherent 

wetting properties of the tested polymers are very different.

Figure 10.5 shows the CA and CAH results, obtained for the polymer-silica com-

posites which were prepared using the six polymers. It can be seen that superhydro-

phobicity (CA > 150°) and water repellency (CAH < 10 °) were achieved on any of 

the tested polymer-silica surfaces. Interestingly, a considerable variation is observed 

on the reported CAs ranging from 153° (PMMA-silica) to 166 ° (Silres 4004-silica). 

The origin of this variation is discussed next.

The wettabilities of the six surfaces included in Fig. 10.5 correspond to the non- 

sticking, Cassie-Baxter state. The Cassie-Baxter equation correlates the elevated 
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apparent contact angle (θ
the contact angle (θ) measured on a smooth surface [38]:

 
cos * cosq q= - + +( )1 1fs  

(10.2)

where fs is the surface porosity factor, that is, the fraction of the rough surface which 

is in direct contact with water. The fs factors of the six superhydrophobic composite 

films included in Fig. 10.5 can be calculated, using Eq. (10.2). The angles θ and θ
correspond to the CAs on pure (smooth) polymers and on composite (rough) films, 

respectively. The former (θ) are provided in Table 10.2 and the latter (θ
in Fig. 10.5. It is reported that the calculated fs factors varied within a very narrow 

range, from 0.05 to 0.09, thus implying that the surfaces of the six composite films 

should exhibit similar structures. Indeed, the SEM images of the PMMA-silica and 

Porosil-silica films, shown in Fig. 10.5, look very similar.

Because the surface structures of the six composite films are similar, it can be 

argued that the variation in the CAs of the composite films (Fig. 10.5) originated 

exclusively from the different chemical natures of the polymers used to prepare the 

composites. This argument is supported by the results of Fig. 10.6, which shows the 

plot of the CAs of the rough (superhydrophobic) composites versus the CAs of the 

smooth, pure polymers. Angles are plotted in terms of their cosines. It is shown that a 
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nanoparticles (7 nm) and six different polymers which are labeled in the horizontal axis of the plot. 

SEM images revealing the surfaces of PMMA-silica and Porosil-silica films are included
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linear function provides a good fit for the results, thus implying that the application of 

the Cassie-Baxter equation (Eq. 10.2) using a single value for fs is possible to describe 

the wettabilities of the six different composites. Consequently, the variation of the 

CAs of the six superhydrophobic composite films reported in Fig. 10.5 originated 

from the variation of the CAs of the pure polymers (Table 10.2), that is, the different 

chemical characteristics of the pure polymers. Using the linear fit of the data in 

Fig. 10.6, it can be calculated that θ θ = 63°. 

Consequently, superhydrophobicity can be achieved in a composite polymer- silica 

film only if the contact angle of the smooth polymer used is equal or higher than 63°.

10.3.4  Effect of the Underlying Substrate on the Wettability 
of the Composite Films

Figure 10.7 shows CA and CAH measurements of water droplets on Rhodorsil- silica 

(7 nm and 2 % w/v) composites which were deposited on various substrates. It is 

seen that superhydrophobicity (CA > 150°) and water repellency (CAH < 10°) were 

achieved on any of the tested surfaces. This result shows that the spray method can 

be used to induce nonwetting properties to various inherently hydrophilic materials, 

by applying polymer-nanoparticle films. This is an important finding as it enhances 

the versatility of the suggested method which can be easily applied to treat large and 

different surfaces. Films included in Fig. 10.7 were prepared using 2 % w/v silica 

(7 nm) nanoparticles and Rhodorsil. At this relatively high level of particle concen-

tration, the surface structure is extremely rough, inducing wetting properties which 

are practically unaffected by the underlying substrate. Both CA and CAH reported in 

Fig. 10.7 for various treated substrates show narrow ranges of variations.

Figure 10.8 shows the variation of CA with particle concentration for Rhodorsil- 

silica (7 nm) films deposited on glass and sandstone. The two substrates exhibit 

different surface morphologies, as glass is atomically smooth whereas sandstone is 
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Fig. 10.6 CA on rough polymer-silica (superhydrophobic) composites versus CA on smooth, pure 

polymer. Angles are plotted in terms of their cosines. A linear function is used to fit the data

I. Karapanagiotis and P. Manoudis



217

rough, corresponding to a surface porosity on the order of 8 % [10]. This difference 

between glass and sandstone does not affect the maximum CA obtained in Fig. 10.8 

for the two sets of data. The maximum CA is achieved using high particle concen-

tration (≥1 % w/v) and is practically unaffected by the underlying substrate. This 

result is in agreement with the CA measurements presented in Fig. 10.7, which cor-

responds to a 2 % w/v particle concentration.

However, according to Fig. 10.8, the role of the substrate roughness becomes 

important for films prepared using low particle concentration (<1 % w/v). The CA 

for a smooth Rhodorsil film (no particles) on glass is only 103°. However, the 

164 163 160 162 162 162 160 162 159 162

3 3 6 6 4 3 7 5 5 4
0

40

80

120

160

G
la

ss

S
ili

co
n

C
on

cr
et

e

A
lu

m
in

um S
ilk

P
ap

er

W
oo

d

M
ar

bl
e

(w
hi

te
)

S
an

ds
to

ne

M
or

ta
r

C
A

 &
 C

A
H

 (
o )

CA

CAH

Fig. 10.7 CA and CAH on Rhodorsil-silica composites which were prepared using 2 % w/v silica 

nanoparticles (7 nm). Composite films were deposited on different substrates as indicated in the 

horizontal axis of the plot. Photographs showing water drops on silk, paper, marble, and sandstone 

are included
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Fig. 10.8 CA versus the concentration of silica nanoparticles (7 nm) embedded in Rhodorsil. The 

composite films were deposited on glass and sandstone. The two sets of data are fitted with three- 

order polynomial functions to guide the eye
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Rhodorsil film on sandstone exhibits a roughness which originated from the roughness 

of the underlying substrate. Consequently, the CA measured on pure Rhodorsil (no 

particles) deposited on sandstone is 141°, which is substantially higher than the 

CA = 103°, measured on glass, covered by pure Rhodorsil. Embedding nanoparti-

cles in the polymer matrix results in an increase of CA, which is more dramatic 

when the film is deposited on glass than on sandstone. At a concentration of approx-

imately 1 % w/v, the film morphologies become saturated and the effect of the sub-

strate roughness is diminishing.

10.3.5  Effect of the Superhydrophobic Composite Films 
on the Aesthetic Appearance of Substrates

In several applications, any effect on the aesthetic appearance of the substrate raised 

by the application of a protective coating is not acceptable. For example, water- 

repellent coatings designed to produce self-cleaning window glasses should be 

transparent in visible light [40]. Therefore, the polymer-nanoparticle composites, 

discussed herein, are not appropriate for glass protection because the white oxide 

nanoparticles clearly affect glass transparency. However, the effect of the suggested 

coatings on the aesthetic appearance of colored substrates can be within acceptable 

limits, especially when the color of the underlying substrate is close to the color 

coordinates of the white nanoparticles. This is demonstrated next.

Colorimetric measurements were first carried out on bare, untreated white marble, 

in Table 10.3 and show that the three selected materials correspond to a broad range 

of the coloring palette, that is, from the bright white marble to the dark brown wood, 

with sandstone placed in between. Moreover, colorimetric measurements were car-

ried out on the three aforementioned specimens covered by pure (hydrophobic) 

Silres BS 4004 and (superhydrophobic) Silres BS 4004-silica (7 nm and 2 % w/v) 

films. As described in Table 10.1, Silres BS 4004 is a waterborne siloxane product 

which makes it very attractive for practical applications, avoiding the use of volatile 

Table 10.3 Results of colorimetric measurements, carried out on white marble, sandstone, 

and wood specimens which were (1) bare, untreated, and used as received, (2) covered by 

pure Silres BS 4004 films, and (3) covered by Silres BS 4004-silica composite films, 

prepared using silica particles (7 nm) at the concentration of 2 % w/v

Substrate

Color coordinates for 

untreated substrates Δ
Pure Silres BS 

4004

Silres BS 4004-silica 

composite

Marble 90.0 0.2 4.5 0.37 0.09

Sandstone 77.1 3.8 14.0 0.73 2.72

72.2 8.1 21.7 2.07 9.45

The surfaces of the films in (2) and (3) had hydrophobic and superhydrophobic properties, 

respectively
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organic solvents. The global color differences (ΔΕ
depositions were calculated as follows:

 DE D D D* * * *= + +L a b2 2 2
 (10.3)

The calculated Δ 10.3. The use of nanoparticles to treat 

white marble had a positive effect on the aesthetic appearance of the specimen. 

Δ Δ
the protective polymer film was blended with silica nanoparticles (composite film). 

Consequently, in the case of marble, the superhydrophobic composite coating 

induces less color change to marble than the pure hydrophobic polymer. This result 

is explained if it is considered that the white color of the silica nanoparticles is close 

-

ticles are 88.0, −2.5, and −7.0, respectively, which are close to the corresponding 

coordinates of white marble, reported in Table 10.3.

The use of silica nanoparticles had a negative effect on the aesthetic appearance 

of the brown sandstone. The application of the pure polymer on sandstone resulted 

in Δ
nanoparticles. However, it is important to note that color changes corresponding to 

Δ
composite film on the aesthetic appearance of sandstone should be considered as 

being within the acceptable limit perceived by the human eye.

The color coordinates of silica, described above, are very different from the cor-

responding coordinates of the dark brown wood (Table 10.3). Consequently, the 

application of the composite film on wood resulted in a high Δ
substantially higher than the Δ
was applied on wood. Therefore, silica nanoparticles had a major impact on the 

color of the wood specimen.

In summary, the results of Table 10.3 show that the method, described in the 

present report to impart superhydrophobicity to various substrates, is not necessarily 

accompanied by a severe penalty on the aesthetic appearance of the treated material. 

If the color coordinates of the substrate are comparable with the corresponding 

coordinates of the used nanoparticles, then the application of polymer-nanoparticle 

coatings can be acceptable from an aesthetic point of view, gaining simultaneously 

the beneficial superhydrophobic and water-repellent properties induced by these 

composite coatings.

10.4  Industrial Applications

Inspired by the hierarchical micro-/nanostructures found extensively in nature 

(e.g., lotus leaf, rose petal, mosquito eye, spider silks, butterfly wings, gecko feet, 

desert beetle, and water strider) [41], several strategies have been designed to pro-

duce surfaces of special wetting properties including superhydrophobicity and 
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water repellency which can be used in several applications such as self-cleaning 

coatings on outdoor surfaces (automobiles, buildings, etc.); anti-biofouling paints 

for boats; antisticking of snow for antennas, windows, and airplanes; microfluidics; 

lab-on-a- chip devices; metal refining; stain-resistant textiles; clotting preventive 

coatings in artificial blood vessels; and so on [41–43].

The method described in this article, where nanoparticles are embedded into poly-

mers to achieve the desired hierarchical micro-/nanostructure, is a rapid, low cost 

method, which can be used to treat large surfaces, and can be implemented using 

various nanoparticles and polymers. Consequently, the method might be useful for 

some of the aforementioned applications of superhydrophobic coatings.

10.5  Conclusion

Various oxide nanoparticles (7–70 nm) were added in various polymer solutions, 

described in Table 10.1. Dispersions were sprayed on silicon. It was shown that the 

surfaces of the resulting composite polymer-nanoparticle films exhibit superhydro-

phobic and water-repellent properties (Figs. 10.2, 10.3, 10.4, and 10.5) which can 

be interpreted using the Cassie-Baxter model (Fig. 10.6), provided that an appropri-

ate, elevated particle concentration was added in the polymer solution (Fig. 10.1). 

The extreme nonwetting properties are induced because the nanoparticles enhance 

the surface roughness at the micrometer and nanometer scale, as revealed by SEM 

images (e.g., Fig. 10.1). Furthermore, the spray method was applied to treat various 

substrates, achieving high and low contact angle and contact angle hysteresis, 

respectively, as shown in Figs. 10.7 and 10.8. Consequently, it is concluded that the 

simple suggested method for transforming the wetting properties of polymer films 

achieving extreme nonwetting is flexible, as it can be effectively applied to treat 

various substrates using common polymers and nanoparticles. Finally, it was shown 

that depending on the color of the underlying substrate, the superhydrophobic, 

water-repellent polymer-nanoparticle films may have negligible effect on the aesthetic 

appearance of the treated substrate.
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Chapter 11
Application of Conducting Polymers in Solar 
Water-Splitting Catalysis

Mohammed Alsultan, Abbas Ranjbar, Gerhard F. Swiegers, 
Gordon G. Wallace, Sivakumar Balakrishnan, and Junhua Huang

Abstract Water splitting is the general term for a chemical reaction in which water 

is separated into its constituent materials, oxygen and hydrogen. Hydrogen is widely 

considered to be an ideal fuel of the future due to its potential to replace fossil fuels. 

The key to an energy-efficient water-splitting process lies in catalysts that can carry 

out the water oxidation and reduction reactions with minimal energy losses. 

Conducting polymers are attractive materials for this technology and application 

because they may combine several desirable properties, including electronic con-

duction, ionic conduction, sensor functionality, and electrochromism. In this chap-

ter, water splitting assisted by or driven by illumination with sunlight and involving 

conducting polymers is reviewed. The properties of conducting polymers that make 

them favorable for this purpose are also discussed. Comparisons of these properties 

with those of conventional water-splitting materials are made. Finally, a statement 

of research and achievements of solar hydrogen production through water splitting 

using conductive polymers will be reported.
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Abbreviations

AAO Anodized aluminum oxide

FTO Fluorine-doped tin oxide

h+

HOMO Highest occupied molecular orbital

ITO Indium tin oxide

61-butyric acid methyl ester

′,3′

1
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p p-toluenesulfonate

p-toluenesulfonate

11.1  Introduction

-

trically conductive after being treated with electron-accepting (p
donating dopants (n 1, 2

11.1 

3

4

example, electrostatic materials, conducting adhesives, electromagnetic shielding, 

second makes use of their electroactivity in, for example, molecular electronics, 
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Fig. 11.1 Common conducting polymers
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biochemical and thermal sensors, optical computers, rechargeable batteries and 

π-electrons due to C=C 

these molecules, electrons are able to move from one end of the polymer to the 

other, through the extended π -

ing properties, including low ionization potential, low-energy optically transitions, 

and high electron affinity, which allow the polymer to be oxidized and reduced rela-

]. Conducting polymers are typically insulators in their pure state, but 

when they are doped with other materials, their behavior changes to the conducting 

6]. Doping of conducting polymers can be viewed as a charge transfer reac-

tion, which results in oxidation or reduction of sites along the polymer chains. This 

induces upward shifts in the energy of the “highest occupied molecular orbital 
“valence band”

“lowest unoccupied molecular orbital conducting band
7

state semiconductors creates either electron-rich or electron-deficient sites with no 

]:

 
Polymer X Polymer X

n n+ ( ) + - =(+ - p doping reaction X oxidizingagent )).
 

 
Polymer M Polymer M

n n+ ( ) + - =( )- +n doping reaction M reducingagent
 

The conductivity of a polymer depends on the level of doping, the relative align-

 
s m= =1 R ne/

 

where σ = conductivity (Ω−1 m−1 −1 −1 n = number 
+ μ = charge car-

6].

-

readily available processing capacities, and have controllable microwave absorption 

9].

to their potential in the fabrication of low-cost, flexible, and large-area electrochem-

still low when compared with inorganic semiconductors. A key challenge is there-

fore to find polymers that display the properties needed for high conversion effi-
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ciency, such as broad/intense absorptions, and high charge carrier mobility at 

]. One possible way to increase the conversion effi-

ciency involves utilizing two or more chemical materials with different spectral 

11]. This principle 

conducting polymers to thereby render them capable of splitting water when illumi-

reviewed and their application in solar water-splitting catalysis is considered.

11.2  Solar Water Splitting Using Polypyrrole

−1

prepared by polymerization of its monomer, using a chemical oxidant such as FeCl3, 

or via its electrochemical synthesis, with the incorporation of counterions into the 

12 14].

O2

Δ

16

(H2 2 2 nanopar-

was combined with TiO2

water. The film generated from toluene displayed a higher H2 generation rate com-

pared to the particle morphology, which yielded lower H2 production but higher 

2 2

-

tion of visible light and the transfer of an excited electron into the conduction band 

of TiO2

into H2 at the TiO2 interface and O2

2, which has a 

2 are sufficiently energetic 

that they are able to reduce water to produce hydrogen. The holes that remain on the 

11.2.

2
−1 of 

hydrogen, was nontoxic and inexpensive when compared with other inorganic 
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materials such as in TaO4 6

which produce similar rates of H2
−1 −1, respec-

2 

as IO3−/I−1 and Fe3+/2+ 17 19

-

-

21] used in situ polymerization to modify 

TiO2 2

irradiation than TiO2 modified with methyl orange. Moreover, higher conductivity 

para-toluene-2-sulfonic acid.

The chemical structure and the doping method played a significant role in deter-

22 -

23 24] used in situ polymerization to improve the 

p- 

2 2 3 acted as sac-

Fig. 11.2 2, which assisted H2 and O2 evolu-

2

16]
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2 generation rates 

2 genera-

11.3

photocurrents and improved conversion efficiencies when used as a photoelectrode 

-

26

inexpensive, and its bandgap is more suitable than other semiconductors such as 

TiO2 27

solution containing potassium chloride and sodium dodecylsulfate. FeCl3 was used 

as oxidant. Figure 11.4

26].

for catalytic water-splitting applications when combined with a conventional semi-

toward water oxidation. Figure -

was improved by increasing the gap in the Fermi levels to facilitate electron transfer 
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, 29].

11.3  Solar Water Splitting Using 
Poly(3,4-ethylenedioxythiophene)

-

in terms of conductivity, processability, transparency to visible light, stability, and 

32

Fig. 11.5 Illustration of 

splitting under visible 

26]

Fig. 11.4 26]
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-

33 -

34, ]. Li and col-

36]. 

-

could be finely patterned onto the nanoparticles due to the strong interaction between 

3 as oxidant also dramatically 

37]. 

performance in water splitting, generating high relative current densities (as shown 

in Fig. 11.6a

The mechanism of H2 -

-

11.6b, thanks to the exter-

-

gen. The holes (h+

Fig. 11.6 (a
control. (b

37]
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reduction. Long nanowires were better from an activity point of view, but resulted 

in increased recombination reactions.

-

-

ensure that the polymer structure has an open morphology which allowed electro-

lyte access. Thus, the main role of the conductive polymer in water reduction was to 

].

39] studied a new hetero-

-

water oxidation effect, likely due to the recombination reactions.

11.7

The reasons for this behavior were not explored in detail. However, it was sug-

gested that the behavior may arise from a higher degree of order or alignment in the 

potentially be enhanced to achieve a relative photovoltage and photocurrent 

increase under illumination.

41, 42]. These properties encouraged 

43

-

44].
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Fig. 11.7
−1  

]
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-

fusion electrodes.

] fabricated highly active catalysts that were 

4 nano-

monomer, and CoMn2O4 nanoparticles. The resulting dark blue-colored nanocom-

posites were dropcast directly from alcoholic slurries onto a rotating disk glassy 

2O4 nanocomposites catalyzed H2 evolution in the higher 

potential range. The electrode was immersed in a KOH solution saturated with O2. 

α-MnO2 and CoMn2O4 spinel was 

mixed with acetylene black and Teflon binder to create a well-mixed paste. The 

2O4

compared to the spinel itself. The catalytic activity of the CoMn2O4 spinel was 

reduced when it was mixed mechanically with the acetylene powder. However, it 

displayed better performance in the form of nanocomposites with the conducting 

11.9a

11.9b

CoMn2O4

α-MnO2 nanorod or CoMn2O4 nanocrystals. The α-MnO2 nanorod did not show any 
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electrolytes from passing through it. Its porous structure is however highly perme-

water splitting as shown in Fig. 

+ and therefore 

readily reoxidizes by reducing 2H+ to H2 46, 47].

]. In their 

without the incorporation of the anionic sulfonated Mn-porphyrin 1 (Fig. 11.11

1 1 displayed a green 

1

−1

1 -

ous solutions, with and without light illumination. The results showed a clear pho-

tocurrent associated with O2

11.12 -

1 -

cal minimum.

1/ITO glass electrode at 

2 4. 

The results indicated an immediate photocurrent under visible light. When the light 
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Fig. 11.11 1

Fig. 11.12 Current density plot as a function of applied voltage with and without light illumina-
−1

2 4 a
(b 1. The arrow in (b

]

was switched off, the photocurrent reduced rapidly (Fig. 11.13

this system was investigated and proposed to involve light being absorbed by 

Mn-porphyrin (1
reduced from the oxidized to the neutral form. The neutral form was then immedi-

ately reoxidized, where afterward the hole in the remaining 1+ interacted with an 

face-to-face Mn-porphyrin in its clusters, leading to the extraction 

of electrons from two water molecules to create O2.

11.4  Solar Water Splitting Using Polyaniline

“aniline black”
49 “leucoemeraldine” state, the 

“pernigraniline” state, and the “emeraldine base
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important form (Fig. 11.14 49, ]. It can be prepared by chemical/electrochemi-

cal polymerization of aniline monomer, photochemically initiated polymerization 

-

, ]. 

-

ting photocatalysts that operate under illumination by visible light. Combining 

at the active surface. A semiconductor that has been widely used in this respect is 

titanium dioxide (TiO2 ].

] modified TiO2 -

2 catalyst for investigation of H2 production from 

water under illumination with light (29 mW cm−2
2 

2

Fig. 11.13 1/ITO glass with and without illumination at a con-

2 4

]

Benzenoid Quinoid

NH NH N N
1-y xy

Fig. 11.14 Different forms of polyaniline: y -

49]
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2, which 

then facilitated hydrogen production at the surface of the TiO2. The reactions that 

occur at the photoelectrode were proposed to be the following:

 
PANI hv PANI CB e PANI VB h+ ® ( ) + ( )- +2 2 2  

 

 
PANI CB e H O H OH 2 2 2 22 2

- -( ) + ® +
 

 
PANI VB h SO OH SO H O 2 23

2
4

2
2

+ - - -( ) + + ® +
 

 
PANI VB h SO S O 2 2 3

2
2 6

2+ - -( )+ ®
 

While at the cathode, the following reaction is proposed:

 
2 2 22 2H O e H OH+ ® +- -

 

film of TiO2

by oxidative polymerization starting from the aniline dimer. The synthesis was per-

2 mesoporous film was then 

2 nanopar-

2

2 nano-

Fig. 11.15 Hydrogen 

2 photocatalysts 

under visible light in a 

2 3. 

]
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sensitization of the TiO2

absorption of TiO2 2

TiO2 -

2 was used as the anode for the 

-

2 composite film produced more than double 

the solar-to-hydrogen efficiency than the original TiO2 film. It also  demonstrated 

].

2 can 

improve its performance in photoelectrochemical water splitting. The delocalized 

-

] reported that modifying nanotubes 

2

an energy storage device. The TiO2

with fluorides, followed by electro-polymerization of monomer aniline by cyclic 

-

ing water splitting.

-

4 2, and MoO3 61] pre-

coprecipitation method. The suspension was then sonicated and stirred for a time, 

11.16

62].

As noted in the introduction, when conventional semiconductors are modified 

improved performance in water splitting under visible light. This effect is illustrated 

62

-

2 4 at a pH of less than 3. The 

resulting photocatalyst demonstrated clear and amplified H2 production from water 
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under visible light. The rate of hydrogen generation increased with an increase in 

Zn y, where y 2 production rate 

in the following order: thiosulfate > sulfide > propanol.

-

form carbonate radicals (HCO3
−

2, which prevented the generation 

of O2 at the photocatalyst surface, thereby also minimizing the reverse recombina-

tion reaction.

63

n-type hematite 

(α-Fe2O3

Au has lower Fermi levels than semiconductors so that photoexcited electrons can 

easily transfer from semiconductors to the metal, reducing the possibility of a 

was electrodeposited into the pores of the AAO template by potentiostatic cycling, 

where α-Fe2O3

2 and KH2 4 allowed Au to be electrodeposited into the AAO 

pores, where α-Fe2O3

Fig. 11.16 The hydrogen evolution rate for (a
and (b

61]
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Fig. 11.17 μ a α- -

Fe2O3 nanorods and (b α-Fe2O3

63]

Fig. 11.18 μ 2O3 2O3 nanotubes at 

a
b -

63]

nanorods were tested as photoanodes for water oxidation. The hematite nanotubes 

displayed greater photoelectrochemical activity than the hematite nanorods. They 

had larger photocurrent densities, more negative onset potentials, better photon har-

observed that long nanorods or nanotubes reduced the photocurrent density due to 

an increase in the recombination reactions, as shown in Figs. 11.17 and .

64

at voltages suitable for H2
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actual intrinsic electrocatalytic effect of the material, a large active surface area per 

of the metals and the effects of synergy in these heterogeneous catalysts.

a water-splitting effect when exposed to light.

11.5  Solar Water Splitting Using Polythiophene

, 66

appropriate chemical oxidant such as FeCl3, MoCl 3

67, ]. It should 

be noted that thiophene is difficult to oxidize, so direct preparation is generally 

avoided. It is usually necessary to start with bithiophene or terthiophene for electro-

chemical preparation. Other approaches to prepare polythiophene include ultrasoni-

69]. The 

removal of π-electrons from the polymer backbone creates a moving radical cation 

higher wavelength absorption compared to other conductive polymers. The incor-

71, 72] and 

-

tions or potential applications, including the use in transistors, solar cells, sensors, 

electrochromic devices, supercapacitors, and light-emitting diodes. For example, 

73 -

to its use in water splitting under illumination with visible light.

and their derivatives are able to harvest visible light energy via their highly devel-

oped π 74]. The addition of porphyrin dyes to materials as 

2, and FTO has been shown to produce photocatalysts for 

].
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76] reported that whereas the sulfonated, monomeric 

Mn-porphyrin complex 2 shown in Fig. 11.19 is normally catalytically inactive, 

a remarkable light-assisted catalyst with a low overpotential for water splitting at 

2 and not the toxic 

gas Cl2, which is produced by essentially all other known electrocatalysts.

The sulfonated Mn-porphyrin monomer was uniformly incorporated into a thin 

-

-

2 4 under 

an external light. The results indicated a large current commencing at the onset 

which are indicative of adsorbed dioxygen (O2 2
2−

As shown in Fig. -

ing potential, thereby confirming the formation of dioxygen.

9 μ μ -

rent disappeared when the light was turned off. It reappeared when the light was 

turned on (Fig. 11.21

-

SO3Na

SO3Na

SO3Na

N N

N N

Cl

MnNaO3S

Fig. 11.19
monomeric Mn-porphyrin 

complex 2 used in water 

splitting by 

76]
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Fig. 11.20 2
2 4

−1 76]

at 0.9 Vat 0.8 V

Light
on Light off

10

0
0 200 400

μA

25

a b

0
0 200 400

t /st /s
600

μA

Fig. 11.21 2/ITO glass in 

2 4 a b
76]

facilitated water oxidation under illumination with visible light at potentials above 

explains the ability of this system to operate at values less than the minimum theo-

retical potential.

-

lytic reaction in seawater. The photocurrent measurement under illumination in sea-

(Fig. 11.22
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p- p
76], with the sole product generated being dioxygen with no 

measurable production of chlorine, Cl2

-

76 o -
o

formation is substantially higher than that for chlorine formation.

It was suggested that the mechanism involved the Mn-porphyrin dopant absorbing 

potential, would be immediately reoxidized by the electrode, returning to its 

c onductive form. The remaining holes then facilitate water oxidation by extracting 

electrons from water.

77

capable of facilitating light-assisted electrocatalysis of water splitting. The design 

a C

61-butyric acid methyl 

11.23

77].

10

Light on

0

μA

1000 2000 3000 4000 5000

PTTh-pTS ITO-PET

2 /ITO-PET

/

PTTh-2/ITO-PET

t /s

Fig. 11.22
2

2 76]
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Fig. 11.23
that facilitated (a b

77]

J 
(m

A
 c

m
-2

)

0.2

0.15

0.1

0.05

0

-0.05

-0.1

Ewe (V) vs Ag/AgCl

-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80

b c

d

a

Fig. 11.24 dark (a green -

tion (b purple dark 

(c blue d red
77]

-

tion. As shown in Fig. 11.24

-

2

77].
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61-butyric acid methyl ester as an electron acceptor. The cell was 

composed of six series of these units in order to supply enough potential to convert 

water to hydrogen and oxygen gases at optimum power conversion efficiency under 

electrodes. As shown in Figs.  and 11.26, the results clearly demonstrated an 

increase in photocurrent density under radiation. This cell was able to produce 
−2

2 2 were generated in 1 h.

0.35
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11.6  Conclusion

-

tions. These properties include conductivity, permeability to water, low cost, 

e nvironmental nontoxicity, electrochemical stability, useful light absorption, com-

bining readily with other materials, excellent electron transfer properties, and 

promise in the catalytic generation of hydrogen and/or oxygen from water under 

illumination by sunlight.
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Chapter 12
Smart Biopolymers in Food Industry
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Karina da Silva Chaves

Abstract Over the course of the last decade, significant interest in the use of 

 biopolymers within the food industry as smart and active polymer systems has 

emerged. Such polymers have been successfully utilized to entrap micronutrients 

within microparticles and antioxidant packaging and have also been employed 

within food quality monitoring systems, such as active and intelligent packaging 

systems. The technologies that are associated with smart and active biopolymers 

have the potential to drive the development of a new generation of intelligent/active 

packaging systems that integrate food quality monitoring systems and microparti-

cles in a manner that extends the shelf life of food products and their nutritional 

value. This chapter provides an in-depth review of the techniques that are typically 

employed in the preparation and characterization of smart and active biopolymers, 

films and microparticles, their potential applications within the food industry, and 

the challenges that are associated with their use and development.

Keywords  

12.1  Introduction

The food industry plays an important role in modern society, and manufacturing 

organizations have important responsibilities that extend far beyond the production 

and distribution of food products alone. This industry is also responsible for con-

trolling the quality and safety of the products it manufactures and meeting consumer 
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demand for nutritional food. It is critical that the industry produces foods that are of 

a sufficient quality and that this quality [1] can be assured from production line all 

the way through to the consumer’s home. This places manufacturers under pressure 

development of active and smart polymers that can prolong the amount of time a 

commodity can be stored has emerged. These polymers, which include biopoly-

active films or in the microencapsulation of bioactive compounds that form part of 

an active packaging system that possesses antimicrobial and/or antioxidant proper-

ties [2]. Second, they can also be used to create chemical sensors that are capable of 

monitoring and indicating food spoilage.

-

ric properties of biopolymer films with the intention of developing technologies that 

research in this area has focused on antioxidant packaging [3– ] colorimetric indi-

cators [ –14], photochromic films [15], bacterial growth indicators [ ], intelligent 

inks [ ], oxidation indicators [ , ], and the microencapsulation, stabilization, 

and release of bioactive compounds and nutrients [ –22]. Undoubtedly, biopoly-

mer films and microparticles represent technologies that have numerous potential 

applications within the food industry. This chapter examines some of these applica-

tions and assesses the challenges associated with the development and use of smart 

polymers in the food industry.

12.2  Preparation of Smart Biopolymers

12.2.1  Preparation of Active and Smart Films for Food 
Packaging

The active and smart films that are used for food packaging are typically prepared 

hydrocolloid suspensions are prepared by suspending the required amount of bio-

polymer in distilled or deionized water. The suspension is then poured onto acrylic 

or glass plates and dried until weight is constant, at which point the films can be 

obtained. The casting technique has been successfully applied in the development 

of smart films that incorporate polyaniline [23], cassava starch/glycerol [24, 25], 

chitosan [13 11, ], and chitosan/starch [

biopolymers that have been successfully utilized in smart and active packaging, 

biopolymers, such as starches, gums, pectin, gelatin, and chitosan, are those that 

have demonstrated the greatest stability because they have the ability to form net-

inexpensive, rapid, and simple method of preparing films, and the effectiveness and 
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efficiency of this approach have been extensively covered in existing literature. 

], layer by layer [ ], and 

polymeric matrix [ ], are also used to develop smart polymer films, the simple 

casting technique represents the method of choice for the production of new and 

improved smart polymer films because it does not require the use of complicated 

-

vides a method by which micromolecules can be readily incorporated into the poly-

meric film, simply by adding molecules, such as natural pigments that act as sensors, 

into the film- forming solution. Several forms of pigments, both natural [11, , 31] 

and artificial [32, 33], are currently used for the purpose of sensing dyes, and a large 

amount of research in this area has focused on the application of such pigments in 

alternative thin-film sensors [11, , 34, 35]. These pigments are usually solubilized 

in water, ethanol, or a mixture of both, and then added to the film- forming solution 

in an amount that varies, from 2 to 25 %, to form very sensitive final films.

procedure, this approach does not represent a standard production method for anti-

oxidant films [ ]. However, as some studies have demonstrated, casting processes 

can produce materials that exhibit a reduced loss of antioxidant compounds in the 

film with respect to the nominal content. This is due to the fact that the manufactur-

ing approach that is employed is less aggressive than that used in other techniques 

[

approaches, such as extrusion and co-extrusion multilayer films and laminates, cut 

off their material structure, consequently potentiating the degradation of the antioxi-

dant compounds that are present in the system.

is extruded when it is pushed through an opening. The part of the machine that con-

tains the opening through which the material is forced is referred to as the extruder 

although this shape does generally change to some extent as the material exits the 

die. There are two basic types of extruders: continuous and discontinuous or batch 

type.

hot-melt extrusion in the industry, because this approach provides a continuous, 

quick, simple, and versatile operation by which raw materials can be transformed 

into finished products [ ]. When the co-extrusion process is utilized, different 

polymers are pushed through the same die in order to produce a multilayer product 

that combines the properties (mechanical, optical, adhesion, barrier) of the different 

layers [ ]. The film extrusion technique is currently used for the purposes of pro-

can be implemented as a continuous unit operation that allows producers to control 

temperature, size, shape, and moisture [41

parameters, such as screw speed, temperature, feeding rate, and screw configura-

tion, can also be carefully controlled. However, even the smallest variations during 

processing can result in the production of very different products [42].
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12.2.2  Microparticle Preparation

techniques can be divided into physical (spray drying, spray chilling, spray cooling, 

-

facial polymerization), and physicochemical (simple and complex coacervation, 

ionotropic gelation, and liposomes) methods. To ensure that the most appropriate 

method is selected, manufacturers need to take into account processing and storage 

conditions, the type of the desired microcapsule (size and shape), properties of the 

carrier material, triggers and mechanisms of release, and cost and scale of produc-

tion [43–45]. Of the factors described above, the properties of the carrier materials 

or wall materials represent very important parameters because they affect the stabil-

ity of the microparticle and the efficiency of the microencapsulation. Spray drying, 

spray cooling, spray chilling, extrusion, emulsion, freeze drying, simple and com-

plex coacervation, and liposomes are the techniques that are most commonly used 

to encapsulate food ingredients. Spray drying is one of the oldest of these encapsu-

lation techniques and it is very popular in the food industry because it is economi-

morphologically homogeneous microparticles. This technique uses a solution in a 

hot air stream to evaporate the solvent, which in the case of food applications is the 

water, before the dried particles are separated [44, , ]. The parameter selection, 

μm [45– ]. This technique is 

, ], lipids [51], vitamins [52], bacteria 

[53], phenolic compounds [54], aroma [55], and heat-sensitive compounds because 

the particle is only exposed to hot air for a very short period of time.

also involve dispersing encapsulating material in a liquid and then spray coating the 

material from a nozzle in a controlled environment to produce small droplets. The 

difference between these techniques and spray drying is that the wall material is 

dried using cold air, which enables the solidification of the particle [44, ]. These 

techniques typically use lipids as carrier materials to encapsulate key ingredients, 

vitamins [ ]. The extrusion technique is the most popular 

method of encapsulating probiotic bacteria because particle production is simple, it 

can be performed at relatively low temperatures, and it does not require the use of 

organic solvents. The extrusion technique involves adding food ingredients or pro-

biotics to a hydrocolloid solution and then dripping this through a syringe needle or 

the properties of the gelling environment [44, ].
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phase) is added to oil (continuous phase) and the mixture is homogenized to form 

two combinations of emulsion: water/oil or oil/water and water/oil/water. Once the 

2 to form the particles 

within the oil phase [ , ]. The particles are collected via centrifugation or filtra-

from 25 to 2 mm [44].

The freeze drying method is based on sublimation and involves a simple dehy-

dration process that is completed under low temperature and low pressure. This 

technique has been used to encapsulate heat-sensitive compounds, as well as pheno-

lic compounds [ ], anthocyanins [ ], and probiotics [ , ]. The 

-

ing time and offers poor protection for the encapsulated substance due to the porous 

-

tion of an aqueous polymeric solution, via which changes in the characteristics of 

the medium (temperature, ionic strength, pH, and polarity) result in a precipitation 

of wall material and a continuous coating of wall polymer around the core droplets. 

There are two types of coacervation: simple and complex. Simple coacervation 

involves only one polymer, and the separation phase occurs as a result of the addi-

involves two polymers and phase separation occurs as a result of anion-cation inter-

action. This encapsulation process is very efficient, relatively simple, low cost, and 

], lip-

ids [ ], and others.

preparation to load the entrapped agents before or during the production of lipo-

dispersed in an organic solvent. The organic solvent is then removed via evapora-

aqueous media under agitation at a higher temperature than that of the lipid transi-

tion. The methods that are typically described in the literature for liposome prepa-

that can be implemented on an industrial scale have been employed to prepare 

-

freeze drying technology [ ].

liposome can be formed from natural ingredients such as egg, soy, dairy, or sun-

liposomes, they are extremely versatile and can be used to encapsulate enzymes 

[ ], carotenoids [ ], micronutrients [ ], and other food ingredients.
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12.3  General Characterization of Smart Biopolymers

selection of the biopolymer or combination of biopolymers employed will deter-

minate the physical, chemical, physicochemical, and functional properties of 

the films and microparticles. The spectroscopical, optical, thermal, and mechan-

ical features are deemed to be the most important properties in the production of 

effective packaging polymers and microparticles [

packaging applications should have chemical and physical features that are 

comparable with those of commercially available packaging polymers; for 

example, they should offer thermal stability, water vapor permeability, and 

mechanical resistance. The size and charge of the microparticles are also of 

importance when considering the functional properties that impact the stability 

of the particle.

12.3.1  Spectroscopy Characterization

chemical structure, spectroscopic characterization of the films and microparti-

cles is important to determine their composition. The chemical structure of the 

-

-

troscopy, and Raman spectroscopy. These techniques provide a picture of the 

functional groups that are present in the chemical structure and offer useful 

insights into the way they interact; for example, the presence of hydrogen bonds 

and cross-linking groups can predict some blend properties, such as mechanical 

resistance.

12.3.2  Morphology Characterization

defects in the microstructure of polymeric matrix that can affect the film properties. 

-

-

composition and topology information about the microstructure and surface charac-

microscopy can be useful in studies that aim to examine the structural integrity of 

the polymeric matrix.
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12.3.3  Thermal Characterization

both thermoanalytical techniques that provide clear insights into the thermal stability 

of biopolymeric compounds and the way in which the microparticles and biopoly-

mer blend components that are present in the films and microparticles interact, since 

these interactions can result in changes to the melting point of each component.

12.3.4  Mechanical Properties

In order to be used effectively in food packaging, it is important that thin polymeric 

films demonstrate good mechanical properties. The mechanical properties of these 

films can be determined through a variety of measurements including tensile 

-

able for food packaging applications will typically demonstrate mechanical proper-

ties that are comparable to the polymers that are in commercial use. These 

[ ], which is suitable for determining the mechanical properties of plastics or the 

-

cient for use in food packaging. The mechanical properties of the microparticles can 

be assessed using micropipette aspiration, particle poking, optical tweezers, nano- 

indention, and atomic force microscopy [ ].

12.3.5  Characterization of Interaction with Water 
and Humidity

The way in which the polymeric matrix interacts with water and humidity can be 

-

meric matrix absorbs humidity and thus swells or reduces in size [13

provides a good indication of how the polymeric matrix will behave when it inter-

acts with pure water. That is, how fast the polymeric matrix will absorb the water. 

by the polymeric matrix, are often gravimetrically determined. The standard test 

[ ]. When this approach is employed, the samples are maintained in an environ-

ment in which the humidity and temperature are carefully controlled and during 

assay the samples are weighed at a specific time interval, until the weight becomes 

12.1:
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WVP
w t

A p
= ×
q

24

D
 

(12.1)

where w is the weight gain, θ is the time during which w occurred (hours), t is the 

sample thickness (mm), A is the test area (m2), and ∆p is the vapor pressure differ-

this procedure, the samples are weighed and then immersed in distilled water in 

samples are removed, dried, and weighed. The swelling index (SI %) is calculated 

12.2:

 

SI
FinalWeight IntialWeight

FinalWeight
=

-
×100

 

(12.2)

12.3.6  Microparticle Size

light scattering laser diffraction, and microscopy methods, which provide 

information about the release rate of the ingredients and insights into the 

microparticles that are present in the food matrix.

12.3.7  Microparticle Charge

Zeta potential (ζ-potential) analysis is often used to predict the stability of mic-

roparticles in suspension and its feasibility to aggregation and to study the interac-

tion between oppositely charged biopolymers’ wall on the microparticle, thus 

providing an indication of the electrostatic forces that act between the 

microparticles.

12.4  Antioxidant Carbohydrate Films

consumption stages and claimed that this “downstream” wastage resulted in signifi-
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food than they need, a great deal of food is wasted in developed countries, and food 

that is perfectly edible and safe to eat is often thrown away.

be reduced [ ]. Of the various active packaging technologies that are available, 

to evaluate the antioxidant capacity of films with the intention of developing these 

technologies for use in active packaging. It is generally recognized that incorporat-

ing antioxidant extracts in films can improve the shelf life of products and decrease 

oxidation in food that is rich in unsaturated fatty acids [ ].

-

packaging. There is a current lack of understanding in the use of natural antioxi-

dants in food packaging. This is predominantly because some synthetic antioxidants 

examined the application of natural antioxidants as films (Table 12.1). The findings 

of much of this research indicate that many of these films exhibit beneficial effects 

when used in food packaging. These effects vary according to the type of food to 

hexanal levels revealed that when used with foods that contain high amounts of 

unsaturated fatty acids, such as nuts, a decrease in oxidation can be observed [ ], 

and sensory evaluation in turkey meat also showed the positive effect of the film’s 

application [5].

In addition to examining lipid oxidation, researchers have evaluated myoglobin 

oxidation in meat and fish products [5, , 

how the enzymatic browning that is caused by the enzyme polyphenol oxidase pres-

ent in oxygen converts phenolic compounds into dark-colored pigments that appear 

on the surface of fruits and vegetables [ ].

] affirmed that much of the work on active 

packaging has remained at the research stage, although some developments have 

-

mercialized, packaging that incorporates independent devices, such as a sachet that 

contains an oxygen scavenger, stands out. The most common oxygen scavenger in 

use incorporates iron or ferrous oxide in a fine powder, although other compounds 

can be used [ ]. However, research in this area is lacking, and it is clear that further 

research on antioxidant films is necessary before they can be used commercially.

12.4.1  Characterization of Antioxidant Films

] con-

sider a broad definition of antioxidants to be as follows: “…any substance that when 

present at low concentrations compared with those of an oxidizable substrate 
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significantly delays or inhibits oxidation of that substrate…” [ ]. Thus, when 

applied to films, antioxidants function to delay the auto-oxidation of fats and/or 

inhibit oxidation of pigments. The extent to which an antioxidant will be effective 

when used in a packaging system depends not only on its chemical reactivity toward 

free radicals but also on additional factors such as the compatibility between the 

antioxidant compound and the packaging material, as well as the compatibility of 

the antioxidant and the food. Thus, it is crucial that the polymer that is used in the 

antioxidant film takes into consideration key characteristics such as polarity, viscos-

ity, pH, and other barrier properties. Once antioxidants are released into the food, 

-

tion of the most appropriate antioxidant should take into consideration the type of 

food to be packaged [ ].

species can be used to determine and quantify the extent to which a film, or material 

into consideration the fact that when a plant extract is incorporated into a film, the 

extract itself may have several compounds, each of which may present different 

antioxidant mechanisms. It is, therefore, necessary to use different analytical meth-

ods to evaluate the antioxidant capacity of a given film.

] identified two types of methods that can be used to 

involve the use of analytical instruments, such as a spectrophotometer, chroma-

tographer, and chromatography/mass spectrometer, and the other involves the 

Of the various methods that are available, chemical approaches, in particular 

spectrophotometric methods, are most commonly used in determining the anti-

] further divided these methods 

into two subdivisions: indirect and direct. Indirect approaches focus on examin-

ing the extent to which the antioxidant can scavenge free radicals, something that 

is not associated with oxidative degradation or the effects of transient metals. 

However, H-donating capacity does correlate with antioxidant capacity. 

-

methods, such as the β-carotene/linoleic acid model system and oxygen radical 

chain peroxidation [ ].

-

-

-

β-carotene/linoleic acid model system [ , , ]. 

The difference between both categories involves the chemical reaction that is utilized. 
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the reaction endpoint. In other words, to perform these assays it is necessary that two 

components are present in the reaction mixture: antioxidants and oxidants (also the 

probe). When the oxidant extracts an electron from the antioxidant, the probe changes 

-

dants and peroxyl radicals and the hydrogen atom donating capacity is quantified 

[

mechanisms, an example of one such method is 2, 2-diphenyl-1- picrylhydrazyl 

].

12.5  Colorimetric Time-Temperature Indicator Films 
for Food Packaging Systems

Time-temperature indicator (TTI) films are among the most promising intelligent 

packaging systems that are currently available for use in the food industry. TTI films 

can safely provide the manufacturer or consumer with a real-time indication of the 

conditions of the food throughout processing, transportation, and storage. 

visual indication of the condition of the food. The basic concept behind TTIs takes 

into consideration the fact that many food products deteriorate due to changes in 

temperature, which cause chemical reactions and microbial growth. These changes 

in temperature can be detected through the use of a TTI film. Several types of TTI, 

such as colorimetric [ , 12, 13, ], radio frequency [ ], photochromic [15], bacte-

rial growth kinetic sensor [ ], intelligent inks [ ], oxygen indicators [ , ], and 

nanotechnology sensor systems, have been developed and successfully tested both 

in academia and in the industry. Of these systems, colorimetric TTI systems, which 

can provide a response via a change in color in accordance with the pH changes of 

the product, provide information about the conservation and actual quality of a food 

in a visual and intuitive way. These systems have grown in importance and diversity 

because of their low cost, simplicity, and reliability. In addition to offering a simple 

solution, the common features of such systems is that they are based on biodegrad-

able polymeric films and pH indicator dyes; thus, they do not rely on expensive 

analytical instruments. These types of smart biopolymer sensors have been success-

fully utilized in many food packaging applications. Wu et al. [12] developed a TTI 

system that was based on urease. This device can indicate temperature changes from 

12

colorimetric TTI to provide an indication of the quality of meat and fish products 

[14, 24, , 

by microorganisms, such as carbon dioxide [ ] and volatile nitrogen bases [ ], 

have also been successfully employed.

There is a distinct need in the food industry for environmentally friendly packag-

ing systems that can provide accurate real-time indicators of the quality of food. 
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matrix with indicator dyes have been developed and are well established in literature. 

The following section will report on the preparation and characterization techniques 

that are typically involved in such systems.

12.5.1  Film Characterization

In order to evaluate the potential use of biopolymer and copolymer blends in food 

packaging applications, it is necessary to physically and chemically characterize 

potentially environmentally friendly, they have high water vapor permeability and 

low mechanical/thermal resistance. This limits the extent to which they can be used 

in smart food packaging. In order to overcome these limitations, biopolymers are 

often combined as blends that offer better features than pure biopolymers in order 

are characterized according to the features discussed in Sect. 12.3

change dynamic is also an important parameter, the dynamic parameters of color 

should also be evaluated because this parameter indicates how the film color changes 

and assesses the extent to which these changes can be detected by the naked eye.

12.5.1.1  Dynamic Parameters of Color

-

12.3:

 
D D D DE

2 2 2 2

= ( ) + ( ) + ( )( )* * *L a b
 

(12.3)

where ∆L∗ = L∗ − L0∗, ∆a∗ = a∗ − a  and ∆b∗ = b∗ − b0∗ ∗, and a0∗ and b0∗ are the 

initial color values of the sensing films.

12.6  Microencapsulation

the adverse conditions of processing and storage of food. In packaging applications, 

this technology consists of active substances that use a thin polymer coating as a 

protective film that is applied to the liquid, solid, or gaseous material [ , ]. In 

food science, this technology has been seen as a promising method of overcoming 

the limitations associated with the instability of several of the substances that are 

typically incorporated into food, such as micronutrients [ , ], enzymes [ ], 

], probiotics [53, , ], antioxidants, and antimicrobial agents [ , ]. 
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Research indicates that microencapsulation has the potential to reduce the effect of 

the interaction between bioactive compounds and the product and increases the 

the modern-day food industry, and many different methods and biopolymers can be 

used to microencapsulate food items. Several studies have demonstrated how the 

microencapsulation of ingredients can improve stability in final products as well as 

Lactobacillus acidophilus has been suc-

cessfully encapsulated in the microparticles of pectin and whey protein via a com-

bination of ionotropic gelation and complex coacervation [ ]. In one study, the 

probiotic encapsulated in stirred yogurt demonstrated lower post-acidification and 

higher survival rates than those stored as free cells after 35 days of refrigerated stor-

age. The encapsulated product also demonstrated higher survival during simulated 

gastrointestinal conditions and no significant difference in the sensory characteris-

-

ples. Only the attribute of texture for the yogurt containing probiotic encapsulated 

exhibited less than acceptable feedback when compared to the yogurt containing 

free cells, and this may be due to the size of the microparticle (253.3 μm). The 

hardness of the microparticles [ , ]. In one study, pomegranate peel phenolics 

were successfully encapsulated using spray drying before being added as a func-

tional ingredient to ice cream [ ]. The results of this study indicated that process-

-

ents in food demonstrated the protective effect of microparticles and indicated that 

the compounds were more stable during processing and storage when different 

methods and wall materials were used [ , , , – ].

There is an increasing demand for nutritious and healthy foods as key players in 

the food industry have invested significant amounts of money researching and 

encapsulated products have been developed, manufactured, and marketed, and these 

12.7  Conclusion

The food industry has been searching for new technologies in order to produce 

high-quality products. Smart and active packaging and microencapsulation are 

technologies that have been extensively applied with the aim of supporting the 

growing demand for high-quality products. In this manner, the development of new 

technologies and the concern with cost reduction can drive the application of new 

smart materials for the conservation and monitoring of food products, from the 

production to the final consumer.
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    Chapter 13   
 Designing Self-Healing Polymers by Atom 
Transfer Radical Polymerization and Click 
Chemistry                     

       Bhaskar     Jyoti     Saikia    ,     Dhaneswar     Das    ,     Pronob     Gogoi    , 
and     Swapan     Kumar     Dolui    

    Abstract     The development of smart self-healing polymeric materials and composites 
has been the subject of a tremendous amount of research over last few years. When 
self-healing materials are mechanically damaged, either internally (via crack forma-
tion) or externally (by scratching), they have the ability of restoring their original 
strength and recovering their inherent properties. For polymers to exhibit such a 
healing ability, they must contain some functionality which will either rebound 
among themselves or have the ability of coupling with other functionalities. 
Preparation of such multifunctional and well-defi ned macromolecules requires a 
smart selection of a controlled polymerization technique in combination with 
appropriate coupling reactions. Among all the polymerization techniques intro-
duced so far, atom transfer radical polymerization (ATRP) is the most versatile 
owing to its exceptional properties like preparation of polymer with predetermined 
molecular weight, narrow polydispersity index, predetermined chain-end function-
ality, and tunable architecture. Click chemistry is an extremely powerful coupling 
approach which in combination with ATRP can be used for generation of polymers 
with almost all of the desired properties. In this chapter, an overview on the use of 
ATRP and click chemistry for polymerization of various “clickable” monomers 
using “clickable” ATRP initiators is provided along with other post-polymeriza-
tion modifi cation strategies that can be used to construct macromolecules with self-
healing ability.  

  Keywords     Self-healing polymers   •   ATRP   •   Click chemistry  
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13.1       Introduction 

 Inspired by nature’s most remarkable features of self-repairing, the development of 
self-healing polymeric materials has been a subject on the frontier of research over 
the last decade [ 1 – 3 ]. Presently humanity is in an age of plastic. Polymers and their 
composites are used in almost every material used by modern society. However, 
these materials are susceptible to damage which is induced by chemical, mechani-
cal, UV radiation, thermal, or a combination of these factors [ 4 ]. Whenever these 
polymeric materials become damaged, only a few methods are available to extend 
their service life. Manual repairing methods are insuffi cient in restoring the original 
properties of the material and require continuous monitoring when implementing. 
However, it is believed that a vast majority of structural failure results from the 
propagation of initial microcracks. Eventually if repairs can be made at the 
micro- level, the lifetime of the materials can be signifi cantly enhanced. Currently, 
development of automatic or self-healing materials is of prime importance where it 
can self-repair itself immediately after even invisible microcracks are formed. Self- 
healing materials when damaged mechanically, either externally or internally, have 
the ability of healing the damage automatically, restoring its original strength. These 
smart polymers are gaining wide appeal in various applications such as biomedi-
cine, electronics, paints and surface coatings, robotics, etc. Encapsulation of mono-
mers/catalysts to polymer matrix, dynamic covalent bond formation, and 
supramolecular self-assembly are the prevailing adopted strategies for preparing 
self-healing polymers [ 3 ,  5 – 11 ]. Among various approaches investigated, in order 
to attain polymers exhibiting such behavior, ATRP and click chemistry are the most 
versatile means for tailoring the functionality of a polymer toward effective self- 
healing [ 12 – 15 ]. This chapter is based on the progress made in the methods of 
synthesis for self-healing polymers by ATRP and click chemistry while also provid-
ing a comprehensive discussion of click chemistry approaches to generate self- 
healing polymers.  

13.2     Application of ATRP for Designing Self-Healing 
Polymers 

 At present,    functional polymers with complex architecture are of considerable 
interest due to their wide range of applications, beginning with structural all the way 
to electronic applications. ATRP is the most versatile controlled radical polymeriza-
tion technique, as it furnishes the simplest route in the design and synthesis of a large 
variety of well-defi ned polymers with predetermined molecular weight, narrow 
molecular weight distribution, and high degree of chain-end functionalities [ 16 – 19 ]. 
The role of ATRP in the synthesis of functional polymers makes it an exceptionally 
useful polymerization technique compared to ionic polymerization techniques. It has 
been effectively applied in the preparation of polymers with precisely controlled 
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functionalities, topologies, and compositions [ 20 ]. This broadens the range of 
monomers that can be polymerized or copolymerized via ATRP and provides the 
ability for the straightforward introduction of various functionalities into a polymer 
structure. In general, there are four major strategies for the synthesis of telechelic 
polymers  with   functional groups via ATRP:

    1.    By using functional initiators   
   2.    Substitution of the terminal halogen atom with nucleophile   
   3.    Polymerization of functional monomers   
   4.    Polymerization of “protected” monomers, followed by post-polymerization 

chemical transformations    

  While using the fi rst two approaches,    chain-end-functionalized polymers can be 
harvested as the last two methods yield polymers with multiple functionalities along 
their backbone. Therefore, it is very convenient to apply ATRP when designing 
self- healing polymers as healing requires special functionalities within the poly-
mers; typically it is nearly impossible to introduce a moiety into the polymer’s 
backbone or chain end via other polymerization techniques. 

 Although numerous methods are currently available for  the   design of self- healing 
polymers and polymer composites, focus will be placed upon the strategies set forth 
by ATRP and click chemistry. There are three major categories of self-healing 
polymers or composites which can be prepared by ATRP [ 21 ]:

    1.    Automatic one-component self-healing polymers   
   2.    Self-healing by semi-encapsulation methods   
   3.    Self-healing by encapsulation method    

  An illustration of all the above processes is shown in Fig.  13.1 .

  Fig. 13.1    Various approaches for synthesis of self-healing polymers       
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13.2.1       Automatic One-Component Self-Healing Polymers 

 The development of polymeric materials that automatically repair themselves after 
mechanical damage would signifi cantly improve the safety, lifetime, energy effi -
ciency, and environmental impact of these materials [ 22 – 24 ]. Most approaches to 
activating self-healing materials require an external stimulus like energy, solvent, 
healing agents, or plasticizers. Intrinsic self-healing materials utilize reversible 
chemical bonds (non-covalent and covalent) which allows for the design of single- 
component self-healing materials. Intrinsic self- healing   mechanisms can be classi-
fi ed into the following two categories [ 21 ]:

    1.    Self-healing by reversible non-covalent bond formation   
   2.    Self-healing by covalent bond formation    

  ATRP can be successfully applied in the design of all of the above categories of 
intrinsic self-healing polymers, as it is the most fl exible polymerization method in 
regard to functionality and architecture.  

13.2.2     ATRP for Designing Reversible Non-covalent 
Bond- Forming Material 

 The main advantage of  self-healing polymers based on   non-covalent bond forma-
tion is that they are reversible which allows them to heal themselves repeatedly in 
the same place; therefore, the recovery of the material’s properties is inherent to the 
material’s abilities. This type of polymer employs various non-covalent bonds such 
as hydrogen bonding, ionomers, π–π stacking, and others [ 25 – 27 ] to form a supra-
molecular network. While weak when singled out, the collaborative effort put forth 
by a group of these bonds creates a dynamic load-bearing structure at ambient tem-
perature, thus enabling autonomic damage healing to take place. However, the 
molecular dynamics of these networks need a great deal of plasticization, as well as 
the single-phase dynamic assembly of small oligomers. As such, this technique can 
only be utilized in low-modulus rubber purposes. A balance between dynamic heal-
ing and mechanical stiffness properties is necessary when designing supramolecular 
systems. Intense relationships between the two produce an unyielding but less 
dynamic network while a weak relationship produces a soft yet dynamically healing 
system [ 28 ]. ATRP can be successfully applied to design a single-phase dynamic 
polymer chain that contains both stiff and fl exible moieties in the same molecule 
(Fig.  13.2 ).

   Thus a useful method for developing self-healing polymers is by incorporating 
reversible non-covalent hydrogen-bonding moieties into the polymer structure. 
Yulin Chen and his coworkers [ 28 ] have demonstrated a novel multiphase design 
methodology for an autonomic responsive healing system that can impart crucial 
mechanical properties (e.g., high modulus, high elasticity, and toughness) via 
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hydrogen bonding and ATRP. The research team was able to repair, on demand and 
without any external intervention, a single-component solid material. 

 π–π interactions are associated with  the   interaction between the π-orbitals of a 
molecular system. Self-healing materials based on aromatic π–π stacking interac-
tions can be synthesized combining π-electron-rich (e.g., pyrenyl) and π-electron- 
poor (e.g., diimide) moieties in the same polymer chain [ 29 ]. π–π stacking 
interactions can also be achieved by preparing end-capped π-electron-defi cient 
groups with other π-electron-rich aromatic backbones [ 30 ]. Since end-capped poly-
mers can be achieved by using relevant initiators via ATRP, it is a useful method in 
the preparation of self-healing polymers with π–π stacking. Post-polymerization 
modifi cation of polymer chains prepared by ATRP or the preparation of various 
shapes of polymers such as heteroarmed stars or brushes can also fulfi ll these 
requirements. Heteroarmed star polymers designed by ATRP are especially advan-
tageous when designing a self-healing polymer with substantial π–π interactions. 
The use of dynamic bonds in self-healing polymeric systems allows for the restora-
tion of the chemical structure and mechanical properties multiple times. In this 
respect, the use of ionomers represents a promising approach. Ionomeric copoly-
mers are a class of polymer which contains ionic segments (normally not more than 
20 %) that can form clusters that act as reversible cross-links [ 30 ]. These clusters 
can be activated by external stimuli such as temperature or ultraviolet (UV) irradia-
tion. Since the formation of the clusters is reversible, multiple local healing events 
are possible. The heat generated during projectile damage can act as the trigger for 
a self-healing event when using this type of polymer. Direct ATRP is less applicable 
when synthesizing this type of polymer, but post-polymerization modifi cation 
methods can be employed. For example N. Hohlbein et al. [ 31 ] reported a model 
system based on the copolymers of n-butyl acrylate and a varying fraction of t-butyl 
acrylate which was prepared by ATRP with adjustable molecular weight and a 
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  Fig. 13.2    An intrinsic self-healing polymer with a stiff backbone of polystyrene along with fl ex-
ible side chain [ 28 ]       
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 narrow molecular weight distribution. Carboxylic acid moieties were formed by 
hydrolysis of the t-butyl acrylate moiety that was subsequently neutralized with 
basic sodium, zinc, or cobalt salts to produce the corresponding ionomer 
(Scheme  13.1 ). Carboxylated NBR was transferred to these ionomeric elastomers. 
For synthesis  of   composites that are activated via localized heating, cobalt, magne-
tite, and cobalt ferrite nanoparticles were incorporated in different contents into the 
model copolymer and NBR matrices, respectively, resulting in highly effi cient stim-
ulated self- healing material.

13.2.3        Self-Healing by Covalent Bond Formation 

  Covalent bond formation   is undoubtedly an effi cient healing technique. Numerous 
methods are available under this category and can be subdivided into reversible and 
irreversible methods. Reversible methods, like the Diels–Alder/retro-Diels–Alder 
(DA/r-DA) reactions or polycondensations provide the opportunity for multiple 
healing cycles, while irreversible methods, like the microcapsule-based concept, 
epoxides, or various click approaches cannot heal once an area is damaged a second 
time. Single-component intrinsic self-healing polymers with reversible bond 
formation can be easily synthesized by ATRP. DA healing reactions are the most 
popular for this purpose [ 32 ]. Acrylic-based one-component polymer systems can 
be easily synthesized, containing both binding units for the DA reaction (i.e., 
maleimide and the furan moiety) along with relevant comonomers to tune the 
mechanical and thermal properties (Scheme  13.2 ). The ATRP of maleimide 
methacrylate (MIMA) and furfuryl methacrylate (FMA) along with different acrylic 
polymers can be utilized to synthesize well-defi ned functional terpolymers, which 
could be cross-linked via subsequent thermal treatments [ 33 ].

   Similarly, ATRP can be used for copolymerization of functional monomers either 
directly or by post-polymerization modifi cation, yielding one-component, revers-
ible, covalent bond-forming polymers. It is however generally not possible to syn-
thesize one-component self-healing polymers with  irreversible covalent  bond 
formation by ATRP as most  ATRP   processes require elevated temperatures where 
cross-linking reactions are most likely to occur.  
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  Scheme 13.1    Schematic representation of formation of ionomers by ATRP       
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13.2.4     Self-Healing by Semi-encapsulation Methods 

  Semi-encapsulation methods   are those in which healing agents are encapsulated in 
nano- or microcapsules which are homogenously dispersed in the polymer matrix. 
Most of these methods are intrinsic healing methods as they do not require external 
stimuli. Presently microcapsules have been widely used for the fabrication of 
self-healing polymers and polymeric composites [ 34 – 37 ]. 

 The mechanism is based on the fact that microcapsules containing a healing agent 
are pre-embedded in the polymer matrix. When these microcapsules are ruptured upon 
cracking, they release the reparative substance into the cracked planes, which is then 
polymerized and re-bond the damaged portions. Development within this  methodology 
offers considerable potential toward extending the service life of structural materials 
and saving on maintenance costs. Poly(urea–formaldehyde)-walled microcapsules 
 containing dicyclopentadiene [ 38 ], poly(urea–formaldehyde)-walled microcapsules con-
taining epoxy [ 39 ], melamine–formaldehyde resin-walled microcapsules containing 
dicyclopentadiene [ 40 ], and many others are most extensively used for this purpose. 
The healing agent may be a monomer, cross-linker, or oligomer where the polymer 
matrix may be reactive toward the encapsulated agents. 

 Formation of microcracks in the polymers also breaks these capsules, leaching 
out the healing agents to the cracks. ATRP can be extensively used for the prepara-
tion of a reactive thermoplastic matrix. Since polymers prepared by ATRP retain 
their “living” characteristics, this property alone can provide the self-healing nature 
required. Living polymerization is a polymerization process in which the chain 
transfer and termination process is removed [ 41 ]. Because the resultant polymer 
carries living ends, chain growth is always allowed as long as reactive monomers 
are available. It is therefore a popular method for synthesizing block copolymers 
since the polymer can be prepared in stages, each of which contains a different 
monomer. Due to this interesting characteristic of living polymerization, a self- 
healing polymer can be prepared with a microencapsulated monomer (healing 
agent) with a living polymer matrix. 
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  Scheme 13.2    Schematic representation of synthesis of intrinsic DA/r-DA self-healing polymer by 
ATRP       
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 Owing to the infi nitely long  lives   of the molecule chain ends of the matrix, as 
soon as the monomer is released from the spheres as a result of crack initiation or 
propagation, the polymerization process of the healing agent (monomers) will begin 
at ambient temperature wherever the monomer meets the matrix. Formation of 
covalent bonds as a result of copolymerization through the healing process restores 
the original strength (sometimes better depending upon the type of encapsulated 
monomer) back to the polymer. The newly formed macromolecules, which are 
covalently attached to the interface, fi ll the interstitial space of cracks and fuse with 
the matrix. This is a very good way to achieve multiple healing events.  

13.2.5     Self-Healing by Encapsulation Method 

  The   encapsulation method is a dual capsule self-healing system in which two 
different reactive components are encapsulated separately and dispersed in the 
thermoset or thermoplastic polymer matrix that will require healing [ 23 ].The two 
components must have suffi cient stability in the service life of the base polymer or 
composite and high reactivity when exposed to one another. It is the oldest and most 
widely used method for designing self-healing polymers. In regard to mass 
production and application popularity, the synthesis approach based upon binary 
microcapsules containing liquid healing agent is fairly promising. The  ATRP- based 
encapsulation method utilizes two low-molecular-weight polymers having reactive 
functionalities as healing agents. Azide–alkyne cycloaddition, Diels–Alder reaction, 
thiol–ene reaction, thiol–yne reaction, and so forth can be utilized in the healing 
reaction (to be discussed later) if one microcapsule contains the fi rst functionality 
and the other microcapsule contains the second functionality. Low-molecular-
weight star-shaped polymers are especially benefi cial in this capacity as they have 
low viscosity and very high density functionality.   

13.3     Click Chemistry 

 Thought of as an environmentally friendly alternative, click chemistry deals with 
the instantaneous nearly 100 % effi cient creations of molecules without by-product 
all while  utilizing   mild reaction conditions. 

 Sharpless and coworkers [ 42 ] defi ned the reaction as being large in ability, being 
simple to complete, having no exotic reagents required, and being unaffected by 
oxygen and water. There are even multiple circumstances where water acts as the 
ideal reaction solvent, producing at the highest amounts and fastest times. With 
purifi cation and analysis avoiding harsh solvents and chromatographs, click chem-
istry, though not as easily defi nable as a reaction, describes a methodology in the 
creation of products in such a way that mimics nature while creating materials 
through the combination of tinier building blocks. 
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 In summary, desirable click chemistry reaction would have the following  key 
  characteristics [ 42 ]: modular, large scope, high yielding, has inconsequential by- 
product production, stereospecifi c, physiologically stable, has high atom economy, 
and exhibits a large thermodynamic driving force (>84 kJ/mol) in order to favor a 
reaction with a single reaction product. Furthermore, the process would preferably 
have the following restrictions: possesses simple reaction conditions, requires no 
exotic materials or reagents, uses only benign or easily removable solvents, and 
provides simple product isolation via non-chromatographic methods. 

 The potential of click chemistry for material synthesis has been increasingly 
recognized and has already resulted in the growth of a wide range of smart materi-
als. Owing to their high selectivity, high yields, and tolerance toward a wide range 
of functional groups and reaction conditions, click reactions have recently attracted 
increased attention in polymer synthesis in addition to polymer modifi cation 
[ 43 – 48 ]. Owing to their many promising benefi ts, click chemistry has been exclu-
sively used as a cross-linking reaction in the design of self-healing polymers, pro-
viding highly effi cient healing. Among various click reactions, DA/r-DA, azide–alkyne 
cycloaddition, and thiol–ene/yne click reactions are broadly applicable in the fi eld 
of polymer chemistry as well as in the design of self-healing polymers. An overview 
of these click reactions used for designing self-healing polymers is discussed below. 

13.3.1     Diels–Alder (and Retro-Diels–Alder) Click Reaction 

 The most known reaction employed in the creation of  intrinsic   self-healing materi-
als is  the   Diels–Alder (DA) reaction. DA reaction meets most of the requirements 
needed to be a click reaction. A stable cyclohexene adduct is formed from the 4 + 2 
cycloaddition reaction between electron-rich dienes (furan and its derivatives, 
1,3-cyclopentadiene and its derivatives, etc.) and electron-poor dienophiles (maleic 
acid and its derivatives, vinyl ketone, etc.) (Table  13.1 ).This reaction has become 
one of the most frequently used reactions in polymer science as it has extremely low 
energy requirements to form a cyclohexene ring while simultaneously allowing the 
formation and functionalization of numerous molecules. The general mechanism of 
DA/r-DA reaction is given in Scheme  13.3 .

    DA click reaction can be utilized for self-healing materials in the following 
ways:

    (a)    Using telechelic polymers with DA functionality 
 The DA click reaction can be applied in the synthesis of telechelic polymers. 

Telechelic polymers are those macromolecules which contain reactive end 
groups that have the capacity to enter into further polymerizations or other reac-
tions. A simple matrix of telechelic polymers with DA functionality or a mix-
ture of two compatible polymers with DA functionality can act as a thermally 
triggered self-healing polymer (Fig.  13.3 ).
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  Fig. 13.3    Coupling process of a telechelic polymer with DA functionality (reprinted with permis-
sion from [ 31 ])       

   Table 13.1    Selected DA reaction for synthesis of self-healing polymers   

 Reagent A  Reagent B  Mechanism  Adduct 
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  Scheme 13.3    General 
mechanism of DA/r-DA 
reaction       

       (b)    Using bifunctional polymers 
 In this approach, two monomers, one carrying a diene and another carrying a 
dienophile group, are reacted to yield a cross-linked copolymer (reaction scheme 
same as Scheme  13.1 ). Healing of any crack formation can be achieved by heat-
ing the polymer above the temperature required for a reversible DA reaction to 
occur. The heat causes a partial disconnection of the polymer chains and increases 
the mobility of individual chains. Upon cooling, new DA bonds are formed and 
the chains become cross-linked again, thus healing the crack (Fig.  13.4 ).
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  Fig. 13.4    Thermally reversible self-healing process via DA/r-DA clicks (reprinted with permis-
sion from [ 47 ])       

       (c)    Encapsulation method 
 When employing the encapsulation method, both thermoplastic and thermo-
setting plastics as well as their composites can be fashioned into self-healable 
materials using the binary capsule system via DA/r-DA. This approach  requires 
  one capsule having  a   multifunctional diene and another capsule having a multi-
functional dienophile. The primary requirement is that the reagents must cross-
link so as to generate a solid mass so that upon crack formation, they can act as 
internal glue. Some examples of such diene and dienophile reagent systems are 
given below:     
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13.3.2        Cu (I)-Catalyzed Azide–Alkyne Cycloaddition (CuAAC) 

 Although the DA/r-DA  reaction   discussed above is a valuable tool for  tailoring 
   self- healing materials, in most of these cases, the underlying DA reactions require 
temperatures signifi cantly higher than room temperature, often at 80−100 °C, result-
ing in cross-linked materials such as hydrogels, shape memory materials, adhesives, 
or coatings [ 49 ]. These problems can be completely eliminated by catalyzed 
azide–alkyne cycloaddition introduced by Rolf Huisgen [ 50 ]. A 1,3-dipolar cyclo-
addition between an azide and a terminal or internal alkyne yields a 1,2,3-triazole 
which can be carried out at room temperature while in the presence of a copper cata-
lyst (Scheme  13.4 ). This reaction, though capable of being completed with Cu (I) 
(e.g., CuBr, CuI), performs best when a mixture of Cu (II) (e.g., Cu 2 SO 4 ) is utilized 
alongside a reducing agent (e.g., sodium ascorbate), thus producing Cu (I) in situ. 
Owing to the versatility of CuAAC’s cross-linking ability, it can be applied as a 
powerful self-healing mechanism. Semi-encapsulation and encapsulation appro-
aches are applicable for this purpose. A one-component healing mechanism is not 
possible by using this tool since a cross-linked mass would be the fi nal product 
because CuAAC proceeds even in the absence of catalyst, albeit slowly:

     (a)    Semi-capsulation method for CuAAC 
 The main strategy employed by the semi-capsulation method is that a thermo-
plastic matrix is prepared with either azide or alkyne functionality with 
an embedded copper catalyst (preferably CuBr (PPh 3 ) 3 ) and microcapsules 
 containing the complementary functionality. As soon as the damaging event 
occurs, the liquid cross-linker will dissolve the embedded catalyst from the 
matrix, initiating the cross-linking reaction between the azide and alkyne, thus 
healing the cracks.   

   (b)    Capsulation methods for CuAAC 
 As previously mentioned, this method utilizes binary capsules.    Some of the 
capsule contents are listed below.    This healing method can be utilized for both 
thermoplastic and thermosetting plastics. A schematic representation of the 
method is shown in Scheme  13.5 . Star-shaped or hyperbranched azides/alkynes 
containing reagents with suffi cient room temperature fl uidity are benefi cial for 
this purpose (Fig.  13.5 ). Examples of some alkynes and azides are given below:
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  Scheme 13.4    General mechanism of CuAAC       
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13.3.3        Thiol–ene/yne Click Reaction 

 Even though the azide–alkyne cycloaddition reaction eliminates the requirement of high 
temperature, it lacks in the purity of material due to the presence of biotoxic copper salts. 
This problem can be overcome by photochemically triggering thiol–ene and thiol–yne 
click reactions (Scheme  13.5 ). Moreover, these click reactions attract the considerable 
attention of scientists due to their ability in combining all the advantages of click chem-
istry and the potential of light-triggered reactions,  thus   permitting a spatially and tempo-
rally controlled self-healing process. Although both of these click reactions are similar, 
thiol–yne polymerization reactions complement the more well-known thiol–ene polym-
erization processes, with the added advantage of increased functionality.    The applica-
tion of these two reactions in self-healing material synthesis is mechanistically similar 
to the azide–alkyne cycloaddition reaction mentioned above (i.e., semi-capsulation and 
capsulation methods). The only difference is that instead of a copper catalyst, it requires 
a photoinitiator (e.g., 2,2-dimethoxy-2-phenylacetophenone) to be embedded in the 
matrix. The major drawback in designing self-healing materials by these two methods is 
that the matrix must be transparent, which limits its applicability considerably. Examples 
of some typical multifunctional enes and thiols are given below:

  Fig. 13.5    Representation of CuAAC-based self-healing process via microcapsulation method [ 11 ]       

b

a

R SH

R' Photo initator

hv

R'

S

R

SR

R SH R'
Photo initiator

hv

R'SR

  Scheme 13.5    General mechanism of thiol–ene reaction ( a ) and thiol–yne reaction ( b )       
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13.4         Combination of ATRP and Click Chemistry 
to Synthesize Self-Healing Material 

 As already mentioned, ATRP is the most versatile controlled radical polymeriza-
tion technique available, while click chemistry is the most promising coupling 
technique currently known in the fi eld of polymer chemistry. There are a range of 
possibilities where ATRP can be further broadened by the integration of click 
chemistry. A combination of these two techniques can provide numerous ways 
of designing self- healing polymers. Some of these methods are listed below. 
The monomers and initiators that are used are for representative purpose only. 
Multifunctional products can be obtained by using a corresponding multifunc-
tional initiator. 

13.4.1     ATRP Used for Synthesis of    Azide End-Functionalized 
Polymers 
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13.4.2        ATRP Used for Synthesis of    Alkyne End-Functionalized 
Polymers 

 Initiator approach   Monomer   and post-polymerization 
modifi cation approach 
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13.4.3        ATRP Used for Synthesis of    Diene-/Dienophile- 
Functionalized Polymers 

     (a)    Initiator approach    
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13.4.4        ATRP Used for Synthesis of Thiol-Containing Polymers 

 Initiator approach  Post- polymerization   modifi cation 
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13.4.5        ATRP Used for Synthesis  of   Ene-Containing Polymers 

 Initiator approach  Monomer approach 
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13.5         Conclusion 

 To summarize, the combination of ATRP and click chemistry is an inexorable route 
for preparing highly effi cient, easy-to-implement, and highly functional tailor-made 
polymers that chemists fi nd highly desirable. This combination has been tremen-
dously advanced since the introduction of the click chemistry concept by the cumu-
lative efforts of a large number of research groups all over the world. These 
developments on the preparation of new well-defi ned clickable polymers by ATRP 
enabled straightforward access to a large variety of self-healing polymers and poly-
meric composites. This chapter demonstrated both individual and numerous combi-
nations of ATRP and click chemistry to aid in the design of effi cient intrinsic as well 
as extrinsic self-healing polymeric materials. Finally it can be concluded that the 
combination of ATRP and click chemistry methods will continue to thrive in the 
near future and in advancing the tailoring of new functional polymeric materials 
with more effective healing properties.     
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    Chapter 14   
 Polyurethane-Based Smart Polymers                     

       Norazwani     Muhammad     Zain      and     Syazana     Ahmad     Zubir    

    Abstract     Polyurethane is a highly versatile polymer that may be used in various 
types of applications with a wide range of properties. The combination of different 
types and ratios of isocyanate and polyol allows for the control of the desired end 
properties. Due to its unique properties, it has found applications in the fi elds of 
medical, military, automobile, and aerospace industries. Recently, there has been 
a prodigious interest in producing polyurethane-based smart polymers, especially 
shape memory polyurethane (SMPU). This is due to its excellent ability to change 
shape upon the application of external stimuli such as heat, electric fi eld, magnetic 
fi eld, and light. The existence of phase-separated structure known as soft- and 
hard- segment domains contributes toward the shape memory properties of poly-
urethane. The soft-segment domains are responsible for maintaining the tempo-
rary shape, while hard segments fi x the permanent shape. This chapter 
comprehensively aims to address a wide overview of polyurethane-based smart 
polymer and the chemistry behind the shape memory properties. In addition, this 
chapter also summarizes the recent studies on the exploration of SMPU using 
vegetable oils along with petroleum- based polyol and the potential applications of 
smart polyurethane.  
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14.1       Introduction 

 Polyurethane-based smart polymers are defi ned as polyurethane (PU) that responds 
to different stimuli or changes in the environment. This chapter reviews the chemis-
try of smart PUs including their basic components. The main focus of this chapter 
is on smart PU that has shape memory functionalities. Shape memory refers to the 
ability of materials to remember the shape of the demand even after a rather severe 
deformation. The structure of shape memory polyurethane (SMPU) and shape 
memory effect are also highlighted. Furthermore, this chapter highlights current 
scenarios involving SMPU elastomers based on petroleum and vegetable oil. The 
applications of smart PU particularly in textile, biomedical, and engineering pur-
poses are also reviewed.  

14.2     Chemistry of Smart Polyurethane 

 Smart polyurethane is similar to conventional polyurethane (PU). It is produced by 
a combination of a diisocyanate or polymeric isocyanate with a diol or polyol in the 
presence of suitable catalysts and additives. It possesses segmented structures, and 
a wide range of glass transition temperature make it different from conventional 
PU. The synthesis of smart PU involves polymerization reactions that contain fea-
tures of both addition and condensation polymerization either via the one-step or 
multistep process. This preparation may require solvents (solution polymerization) 
or is solvent-free (bulk polymerization). 

 One-step process involves a simultaneous reaction between the polyol, diisocya-
nate, and chain extender in the presence of a catalyst. A higher order  of   crystallinity 
can be obtained in one-step polymers. The process is faster and easier and can be 
used to its best advantage where the reaction rates of the diols and isocyanates are 
comparable. However, this method does not have the control required to yield regu-
lar block sequences [ 1 – 3 ]. The factors such as different reactivities of isocyanate 
groups and different types and amounts of a chain extender and a hydroxyl group 
(polyol) may affect the distribution of the hard segments in the chain. 

 The most common technique for the synthesis of smart PU, particularly SMPU, 
consists of two steps that are known as the prepolymer method. The fi rst step 
involves the reaction between a diisocyanate with polyol and produces a prepoly-
mer in excess of diisocyanate that has a low molecular weight (Fig.  14.1 ). In the 
second step, the prepolymer reacts with a chain extender in the presence of a cata-
lyst to produce a high-molecular-weight PU. This provides a more typical hard-
soft-hard- soft sequence compared to the one-step synthesis route. This method is 
more popular than the one-step process because it is easier to control the chemistry 
of the reaction while imparting greater structure and physical properties to the 
PU. As the prepolymer method is more controlled, it produces linear PU chains 
and fewer side reactions.
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14.2.1       Basic Component of Smart Polyurethane 

 The chemistry of smart PU can be varied through the chemistry of diisocyanate, 
polyol, chain extender, and the ratios in which they are reacted. The chemistry ulti-
mately affects the mechanical and biological properties of the fi nished material. 

  A. Polyol 
 The  polyols   that are commonly used in smart PU production are polyether and 
polyester compounds that have a molecular weight of 1000–6500 g/mol and low 
functionality. The soft segments are comprised of long fl exible polyol chains and 
act as the backbone for the structure of the PU elastomer. Polypropylene glycol 
(PPG) and polytetramethylene ether glycol (PTMG) are examples of commonly 
used polyether polyols used to produce PU elastomers. PPG and PTMG are pro-
duced by addition polymerization of the epoxide [ 5 ]. Other polyether polyols used 
are polyethylene glycol (PEG) and polytetramethylene oxide (PTMO). Polyether-
based PU possesses high hydrolysis stability as compared to polyester-based PU, 
more effi ciently designed when the polarity of the backbone is essential [ 6 ]. 

 Meanwhile, polyester polyols used  among   researchers include polycaprolactone 
diol (PCL), polycarbonate (PC), polyethylene adipate (PEA) diol, and poly(butylene 
adipate) (PBA) diol. Polyester polyol has a greater oil and heat resistance than poly-
ether making it an attractive choice as a soft segment of PU. Furthermore, crystalline 
structures attributed to the existence of secondary bonding forces link to the polyester 
chain resulting in a stronger PU network compared to polyether-based PU [ 7 ]. Thus, 
PU synthesized from polyesters possesses relatively good physical and mechanical 
properties; however, they are susceptible to hydrolytic cleavage of the ester linkage. 

  Fig. 14.1    Two-step polyurethane syntheses (reprinted from [ 4 ], with permission from CRC Press)       
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 PCL is one of the most attractive polyester diols among the researchers. The 
presence of long and repetitive hydrophobic segments (–(CH 2 ) 5 –) in its chemical 
structure contributes to good hydrolysis [ 7 ] and weather stability [ 8 ]. PCL has a 
partially crystalline structure with a melting point (T m ) ranging from 45 to 64 °C and 
a glass transition temperature (T g ) of −60 °C. The range of molecular weight, M n , 
between 1000 and 90,000 g/mol and its crystallization structure decrease as the 
molecular weight increases [ 9 ]. In addition, PCL possesses excellent biodegradabil-
ity and mechanical properties. It is also compatible with a large number of other 
polymers, lignin, and starch. These advantages make PCL crucial in polymer blends 
and within the composites industry [ 10 ]. 

 In addition, the PU industry has also placed intensive interest to the production 
of bio-based polyols, mainly synthesized from vegetable oils such as castor, soy-
bean, palm, sunfl ower, and rapeseed oil. These vegetable oil polyols may be pro-
duced using several methods that include transesterifi cation [ 11 ], epoxidation [ 12 ], 
and/or transamidation processes [ 13 ]. Most of the vegetable oils contain mainly 
triglyceride molecules where the three hydroxyl functions of glycerol are esterifi ed 
with fatty acids. These renewable bio-based polyols are very interesting since vari-
ous reactions could be performed from their different groups  with   diisocyanates in 
order to produce PU. In addition, vegetable-based PU offers similar or greater prop-
erties as petroleum-based PU.  

  B. Isocyanate 
 Di isocyanate forms   hard segments in the PU chains when reacted with a short-chain 
diol or diamine. Hard segments have low molecular weight and able to establish an 
interaction between networks via hydrogen bonds and form a hard-segment domain. 
There are two types of diisocyanate: aliphatic and aromatic. Aromatic diisocyanate 
is more reactive than aliphatic diisocyanate. However, aliphatic diisocyanate has 
excellent properties that enable it to be used exclusively in the production of high- 
performance materials. For example, isophorone diisocyanate (IPDI) has a high 
resistance to degradation by light, specifi cally UV radiation, thus preventing the 
polymer from turning yellow in color when exposed to UV light [ 14 ]. In addition, 
aliphatic diisocyanate is also able to increase the phase separation between soft and 
hard segments when compared with aromatic diisocyanate [ 15 ]. 

 Diisocyanates that are commonly used in the PU elastomer industry are aromatic 
diisocyanate such as “4,4′-methylenediphenyl diisocyanate (MDI) and toluene 
diisocyanate (TDI). MDI is formed by the condensation of aniline and formalde-
hyde while in the presence of hydrochloric acid. The resulting polyamine is subse-
quently treated using phosgene to produce MDI. TDI is produced from toluene by 
the nitration process, converted to a diamine, and treated with phosgene [ 5 ].  

  C. Chain Extender 
 In the production of PU,    chain extenders serve to produce polymers with a high 
molecular weight when reacted with a prepolymer. Selection of a chain extender 
depends on the fi nal properties of a polymer material that is needed. Short chains 
such as diamine and diol are typically used as chain extenders in the PU network. 
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Meanwhile, triol is used if chemical cross-linking is necessary for the polymer 
while the linear polyols are often used as a plasticizer for reducing the hardness of 
the polymer [ 14 ]. 

 The reaction between a diisocyanate with a diamine and diol produces urea and 
urethane networks (Fig.  14.2 ). The existence of strong hydrogen bonding between 
the urea networks results in better fi nal properties of the polymer when diamine is 
used as a chain extender when compared to a diol. The number of carbon atoms in 
the chain extender also affects the strength of hydrogen bonding. Chain extenders 
that possess an even number of carbon atoms exhibit better physical and thermal 
properties than one with an odd number of carbon atoms [ 15 ]. This is due to  the   steric 
hindrance that makes it diffi cult in the interactions of hydrogen bonding when the 
molecules containing an odd number of carbon atoms forming the hard segments.

14.2.2         Structure and Shape Memory Effect 

 PU elastomers tend to  form   phase separations due to a thermal mismatch between 
the soft and hard segments. This is because of the strong polar interactions in PU 
copolymer block, leading to the formation of aggregate structures. The soft segment 
phase contributes to the elastic properties of the materials because of molecular 
motion in a rubbery state and affects performance such as modulus, rigidity, and 
strength at low temperatures. Meanwhile, the hard segments form physical cross- 
links between urethane networks due to hydrogen bonding, polar interaction, or 
crystallization in the hard domains [ 16 ]. Formation of phase separation is dependent 
on hydrogen bonding between urethane networks, processing, molecular weight, 
and types of polyol used. 

 Final properties of PU are infl uenced by the degree of phase separation and mor-
phological characteristics of soft- and hard-segment domains that have been formed. 
According to Prisacariu [ 17 ], the formation of phase separation between soft and 
hard segments is preferred in order to achieve the desired elastomeric performance. 

  Fig. 14.2    Reaction of diamine and diol with isocyanate       
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Segmented PU consists of mostly the soft segments with the hard segments 
(approximately 30–40 %) being uniformly distributed between the soft segments. 
These phases are known to have a microphase-separated structure that highly 
impacts the mechanical properties. Figure  14.3  shows the structure of PU with the 
formation of a separated and mixed phase.

   In addition, there are several factors that infl uence the  fi nal   properties of PU, namely, 
the molecular weight of the polyol, intermolecular forces, backbone rigidity, and crys-
tallinity. The molecular weight of polyols affects the tensile strength, elongation, fl ex-
ibility, transition temperatures (glass transition temperature and melting point), and 
modulus of the resulting polymer. This is due to the molecular weight or long-chain 
polyols affecting the frequency of hard segments present in the PU [ 10 ]. The longer the 
chain of polyols results in a more fl exible polymer. In thermoplastic SMPU, intermo-
lecular forces that are present between the urethane networks play an important role in 
producing physical cross-links that are responsible for maintaining the original shape. 

 The physical cross-links also affect the  mechanical   properties of materials at 
high temperatures due to high thermal stability. The rigidity of the backbone chain 
of a polymer depends on the type of polyol used in the production of said polymers. 
Ether linkage is more fl exible than ester linkage, allowing rotation of chemical 
bonds along the chain, hence increasing the fl exibility of the polymer molecules and 
in turn affecting the softness and the transition temperature [ 7 ]. In general, the 
incorporation of groups such as –O–, –O–O–, and –CO–O– in the backbone 
increases the fl exibility and drops the T m  and T g  [ 18 ]. Conversely, the presence of a 
phenyl group in the backbone increases the stiffness and transition temperature. The 
formation of crystalline structures in PU restricts the movement of polymer chains 
thereby increasing the rigidity, tensile strength, and melting point. At the same time, 
it lowers the solubility, elongation, and fl exibility of the polymer [ 7 ]. In SMPU, 
crystallinity plays an important role in the behavior of shape memory as it is respon-
sible for maintaining the temporary shape. 

  Fig. 14.3    PU structure ( a ) 
separated phase and ( b ) 
mixed phase (reprinted 
from [ 17 ], with permission 
from Springer)       
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 The shape memory effect refers to the following interesting phenomenon: after 
being severely and quasi-plastically distorted, a material can recover its original 
shape in the presence of the right stimulus. The shape memory effect that occurs in 
the polymer does not depend on the specifi c properties of the polymer; rather it 
depends on a combination of polymer structure and morphology together with the 
processing technology used [ 19 ]. 

 Almost all existing shape memory polymers (SMPs) fall into three major 
categories according to the types  of   stimulus applied to induce the shape memory 
effect. The fi rst category is thermo-responsive SMP, which is normally induced by 
means of heating, including inductive, joule, mechanical, light, etc. The second 
category is photo-responsive SMP that are induced by light with different wave-
lengths but without any heat involved. Meanwhile, the third category is chemo-
responsive SMP, which involves chemicals, such as water, ethanol, etc. [ 20 – 22 ]. In 
fact, shape recovery specifi cally in an SMP may be generated by a few different 
stimuli or inducements. For example, heat, water, and ethanol are all possible stim-
uli for polyurethanes (PUs) and their composites. 

  Elastomer   exhibits shape memory functionality if the material can be stabilized in 
the deformed state while in a range of temperature that is relevant for the particular 
application [ 19 ]. This can be reached by using the network chains as a kind of molec-
ular switch. For this reason, the fl exibility of the segments should be a function of the 
temperature. One possibility for a switch function is a transition temperature (T trans ) 
of the network chains in the interest range of temperature for  the   particular applica-
tion. At temperatures above T trans , the chain segments are fl exible, whereas the fl exi-
bility of the chains below the thermal transition is at least partly limited. 

 Selection of the T trans  for the polymer is broad and depends on the application of 
the polymer produced. T trans  can be either a T m  or a T g  and depends on a network of 
polymer chains that are either crystalline or amorphous. If T m  is chosen for the fi xa-
tion of the temporary shape, the strain-induced crystallization of the switching seg-
ment can be instigated by cooling materials that have been stretched at temperatures 
above the T trans . However, the crystallization is always incomplete since there is a 
certain amount that remains amorphous, which generates the retractive force when 
the stress is relieved after cooling that leads to shrinkage. In addition, the crystallite 
structure formed restricts the movement of the chain, thus preventing the segments 
from reforming their coil-like structure [ 19 ]. 

 The hard segments of SMPU can be either chemical or physical cross-links, also 
known  as   SMPU thermosets or SMPU thermoplastics, respectively [ 22 ]. The chem-
ical cross-links that are responsible for maintaining the permanent shape of SMPU 
may be formed via reactions between isocyanate and triol cross-linker or may arise 
from the chemical cross-links of the polyol chains itself. The presence of chemical 
cross-links hinders the polymer from softening and reshaping upon heating. On the 
other hand, thermoplastic SMPU consists of hard-segment domains that are bonded 
by physical cross-links via intermolecular interactions such as hydrogen bonding, 
dipole interaction, and induced dipole moment. Besides, the entanglement of long 
polymer chains could also develop physical cross-links forming hard-segment 
domains. The hard-segment domains have the highest thermal transition tempera-
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ture (T perm ) which is responsible in fi xing the permanent shape. Heating above T perm  
will cause melting of the polymer chains and destroys the physical cross-links 
among the hard-segment domains. 

 Figure  14.4  shows the thermally induced shape memory effect in polymers. 
Heating the SMP above the T trans  of the hard segment enables its deformation. The 
original shape can be memorized by cooling the material below the T trans  of the hard 
phase. Cooling the SMP below the T trans  of the soft segment while the shape is 
deformed allows a temporary shape to be fi xed, often measures as shape fi xity. The 
permanent (original) shape of the SMP is recovered by heating it above the T trans  of 
the soft phase [ 23 ]. In SMPU, cooling below the highest thermal transition tempera-
ture (T perm ) while still above T trans  of its soft segments allows it to become relatively 
soft, but the physical cross-links prevent it from fl owing. Thus, it can be easily 
deformed to a temporary shape by stretching or compression. Reheating the SMPU 
above the T trans  of its soft segments but below T perm  relieves the stresses and strains, 
thus inducing shape recovery [ 24 ] and causing the material  to   return to its original 
shape [ 23 ]. Heating the SMPU above than T perm  destroys the physical cross-links 
between the hard segments, and the SMPU can be processed to a permanent shape 
just like a thermoplastic material.

14.3         Current Scenario on Shape Memory Polyurethane 

 Polyurethane with smart functions has already been used in our daily lives at high 
capacity as it is found in electronic devices, engine parts, sportswear, packaging, 
piping, and many more products. Its usage is expanding and is gaining more atten-
tion, especially in the biomedical and structural fi elds where a vast amount of 
research is currently being undertaken.    Commercial products based on SMPU had 
been used in surgical devices and are still undergoing numerous studies in order to 
enhance their properties while simultaneously determining new applications. 

 More recently, there are increasing trends in producing segmented SMPU 
using bio-based materials as an effort to reduce the consumption of petrochemi-
cal-based raw materials for polymer production [ 25 ]. The triggered response was 
due to environmental awareness regarding the depletion of petroleum resources 
and has urged industries to produce materials with sustainability and environ-

  Fig. 14.4    Thermally induced shape memory effect       
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ment-friendly means in mind. Consequently, the demand for renewable resources 
as an alternative to currently available raw materials in producing polymers has 
increased abruptly. 

 Bio-based PU may be synthesized using different kinds  of   renewable resources 
such as cellulose, sucrose, lignin, agricultural by-products (furfural), vegetable oil, 
and starch [ 7 ]. Vegetable oils are the most promising raw materials due to their 
abundance and are readily available and inexpensive [ 26 ], and there are few attempts 
by several research groups in developing SMPU based on vegetable oils. Therefore, 
this subtopic will highlight recent developments involving segmented SMPU elas-
tomers based on vegetable oil as well as the conventional petrochemical-based 
SMPU in the following section. 

14.3.1     Petrochemical-Based Shape Memory Polyurethane 

 The technology  of   petrochemical-based PU with excellent fi nished product 
properties has been thoroughly developed, thus making them popular choices as 
raw materials for SMPU elastomers. PEG, PPG, PCL, PTMG, PBA, and PEA are 
among the most commonly used petrochemical-based polyols for SMPU produc-
tion, whereas MDI, IPDI, 1,6-hexamethylene diisocyanate (HDI), and TDI are used 
as isocyanates. The type of chain extender is chosen depending on the type of cross-
linking and fi nal properties desired. The NCO:OH ratio is fi xed at 1:1 on the basis 
of equivalent isocyanate (NCO) and hydroxyl (OH) groups of isocyanate, polyol, 
and chain extenders. 

 The selection of soft and hard segments depends on the application requirements. 
It is based on the intended design of molecular structure, such as the transition tem-
perature of the soft segment (either melting or glass transition), mechanical proper-
ties of segmented PU, light fastness, and other required properties [ 24 ]. According 
to the nature of the switching segment, the SMPU can be classifi ed into two catego-
ries based on the transition temperature, T g  and T m , denoting the amorphous and 
crystalline nature of soft segment, respectively. 

 SMPU synthesized using a shorter length of soft-segment chains tends to exhibit 
an amorphous switching segment, whereas the longer one would demonstrate the 
semicrystalline nature of the molecular switch [ 27 ]. However, the value and range 
of T g  may be adjusted by using an appropriate chain extender [ 28 ], varying hard- 
segment content [ 29 – 31 ], or the type of isocyanate used [ 32 ]. 

 On the other hand, the melting transition of the crystalline soft segment is much 
sharper as compared to the T g , enabling easier selection of switching temperature 
for fi xation of temporary shape and recovery of permanent shape. The degree of 
crystallinity of the soft segment plays an important role affecting the ability of the 
polymer to maintain its temporary shape, measured as shape fi xity (S f ). Several 
factors including the chemical structure of polyol, type and ratio of the hard seg-
ment, and processing conditions infl uence the degree of crystallinity of the soft 
segment [ 23 ,  30 ]. 
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 In spite of its  switching   segment nature, extensive studies have been undertaken 
to investigate the effects of varying the length and type of polyols [ 33 ,  34 ], isocya-
nates [ 35 ], and chain extender [ 27 ,  28 ] on the shape memory performance of 
SMPU elastomers. As for thermoset SMPU, the cross-linking agent is normally 
introduced during synthesis in order to form chemical cross-linking between soft-
hard segments and is responsible for maintaining the permanent shape. 
Trimethylolpropane (TMP) is the most commonly employed cross-linker in pro-
ducing a thermoset SMPU [ 34 ,  36 – 39 ]. There are also other types of the cross-
linking agents that can be utilized in SMPU production. Chung and coworkers 
conducted systematic studies examining the effect of different types of cross-
linker, namely, celite, glucose, dextrin, and PEG, on shape memory properties of 
SMPU based on PTMG, MDI, and BD [ 40 – 43 ]. 

 Besides the conventional SMPU with linear and cross-linked architecture, SMPU 
with a hyperbranched structure was also explored [ 44 ]. Sivakumar and Nasar [ 45 ] 
prepared hyperbranched SMPU via a A 2  (oligomer) + B 3  (monomer) approach using 
PCL as switching segment and TMP, glycerol, and triethanolamine (TEA) as B 3  
monomers. They reported that the shape recovery rate of the resulting hyperbranched 
polymer was twice as much as those obtained by linear SMPU. In other works, Karak 
and coworkers [ 46 ,  47 ] have done substantial work on hyperbranched SMPU via the 
same approach, using monoglyceride from different types of vegetable oil (castor, 
sunfl ower, and  Mesua ferrea  L .  seed oils) as bio-based chain extenders. They also 
used TEA as multifunctional moiety, PCL as soft segment, and TDI as the hard seg-
ments. The produced hyperbranched SMPU using long, fl exible macroglycol cou-
pled with long, fl exible hydrocarbon chain of castor oil showed enhanced toughness 
with good shape memory effect as compared to other hyperbranched SMPU. 

 The majority of the reported studies on SMPU typically focus on its potential 
applications in the biomedical fi eld. Since it involves the insertion into a living 
organism, great care in the selection of raw materials must be considered. Aside 
from being biocompatible, the degraded products must also be nontoxic and able to 
be metabolized or eliminated by the living organism [ 48 ]. Biodegradable and bio-
compatible segmented SMPUs are normally based on PCL owing to its thermal 
transition of the switching segment in the range of 46–64 °C which is suitable for 
application in minimally invasive surgery [ 19 ]. Many studies have been done attest-
ing that SMPU based on PCL are biocompatible and non-cytotoxic [ 31 ,  49 ,  50 ], 
thus placing them as promising candidates for biomedical application. 

 Most of the synthesized  segmented   SMPU utilize a single type of polyol as soft 
segment as it is much easier to predict the fi nal range of the switching temperature. 
Nevertheless, there were also studies on multiblock segmented SMPU using multi-
ple blocks of polyol as the soft segments [ 51 ]. Gu and Mather synthesized thermo-
plastic SMPU using PCL, PEG, and lysine methyl-ester diisocyanate (LDI) via the 
one-step method [ 52 ]. They reported that both PCL and PEG can be regarded as soft 
blocks since they share very similar melting temperatures. The resulting SMPU 
possessed a high degree of entanglements which acted as physical cross-linkages 
and demonstrated outstanding properties specifi cally high recoverable strains 
(>800 %) at high recovery rate. 
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 In summary, the previous sections mentioned several factors, specifi cally the 
types and amounts of polyol, isocyanate, chain extender, and cross-linking agent 
that affect the nature of switching segment and fi nal properties of segmented SMPU 
elastomers. Moreover, vegetable oil has been used in the production of polyurethane 
since 2000 by the Dow Chemical Company in producing soy-based polyol for PU 
production [ 53 ]. The main components of vegetable oils are triglycerides of fatty 
acids, both saturated and unsaturated (Table  14.1 ). The rapid development of con-
ventional SMPU using various parameters, hyperbranched, both biocompatible and 
biodegradable, and multiblock SMPU has also been recently developed. Some of 
the selected studies are summarized in Table  14.2 .

14.3.2         Vegetable Oil-Based Shape Memory Polyurethane 

 Castor oil is the only  ideal   vegetable oil that can be used directly in producing PU 
without the need to go through a modifi cation process fi rst. The fatty acid of castor 
oil is composed of 87.5 % ricinoleic acid which allows its hydroxyl groups to react 
with isocyanate, forming PU [ 7 ]. In spite of having naturally occurring hydroxyl 
groups in the fatty acids, castor oil has become one of the most exploited vegetable 
oils in the chemical industry with various attempts at modifi cation so as to produce 
castor oil-based polyols for PU preparation. Meanwhile, other vegetable oils such as 
soybean, palm, linseed, rapeseed, and sunfl ower oils must undergo a modifi cation 
process to increase the hydroxyl functional groups in order to enhance its reactivity. 

 In recent years, the development  of   PU elastomers using vegetable oil-based poly-
ols as soft segments had gained special interest among researchers worldwide due to 
environmental concerns [ 56 – 59 ]. Since then, a number of studies are devoted by sev-
eral research groups on the modifi cation of vegetable oils for SMPU preparation [ 60 ]. 
Zhang and coworkers [ 26 ] developed a novel method to produce vegetable oil-based 
polyols using a solvent/catalyst-free pathway as an effort to produce 100 % bio-based 
polyols for SMPU preparation. They studied the effect of different vegetable oil 
(olive, canola, castor, grape seed, and linseed oils)-derived polyols as a soft segment 
in SMPU. The vegetable oil-based polyols were prepared through a ring-opening 
reaction between epoxidized vegetable oils and castor oil fatty acid. The resulting bio-

  Table 14.1    The most 
common and important 
natural fatty acids 
[ 7 ,  25 ,  55 ]  

 Fatty acid  C atoms/number of double bonds  Formula 

 Stearic acid  C 18 :0  C 18 H 36 O 2  
 Oleic acid  C 18 :1  C 18 H 34 O 2  
 Linoleic acid  C 18 :2  C 18 H 32 O 2  
 Linolenic acid  C 18 :3  C 18 H 30 O 2  
 Palmitic acid  C 16 :0  C 16 H 32 O 2  
 Ricinoleic 
acid 

 C 18 :1:hydroxyl  C 18 H 34 O 3  

 Licanic acid  C 18 :3:carbonyl  C 18 H 28 O 3  
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based polyol was reacted with IPDI in the presence of dibutyltin dilaurate (DBTDL) 
as a catalyst in order to produce SMPU. The OH number of the vegetable oil-based 
polyols obtained increased from olive oil polyol < canola oil polyol < grape seed oil 
polyol < linseed oil polyol < castor oil polyol. Therefore, an increase in the degree of 
cross-link density of the thermoset SMPU prepared was observed. Consequently, cas-
tor oil-based polyol SMPU showed the highest in the value of T g  (54.6 °C), Young’s 
modulus (495.3 MPa), tensile strength (29.1 MPa), and shape recovery (98.19 %). 

 Another research group, Corcuera and coworkers, prepared segmented SMPU by 
employing either a semicrystalline or amorphous castor oil-based polyol as the soft 
segment with HDI or MDI and BD as the hard segment [ 61 ]. It was reported that the 
soft-segment transition temperature of the SMPU for the amorphous system was in the 
range of 37–54 °C, whereas SMPUs with semicrystalline soft segment were between 
56 and 65 °C. Shape fi xity of the SMPU with a semicrystalline soft segment was higher 
than those with the amorphous soft segment, and the shape recovery decreased with 
increasing hard-segment content. On the other hand, the SMPU system with HDI 
showed lower shape fi xity and higher shape recovery as compared to SMPU based on 
MDI. Later on, the same research group developed a SMPU using castor oil-based 
polyols as the soft segment, HDI, and corn-sugar-based 1,3-propanediol (PDO) as 
chain extenders via in situ polymerization method with 17 % hard-segment content and 
two different fi llers, namely, cellulose and chitin nanocrystals [ 62 ,  63 ]. Both fi llers 
showed improvement in shape memory properties while increasing fi ller loading. 

 Several other studies focused  on   vegetable oil-based polyol SMPU are tabulated 
in Table  14.3 . These polymers are prepared via the two-step prepolymer method, in 
either solution or bulk, and the resulting mechanical and shape memory properties 
of the SMPUs are highlighted. Albeit only a few studies on SMPUs based on veg-
etable oil were found, there are many other research works in progress concerning 
vegetable oil-based segmented PU that could be potential candidates for shape 
memory polymers [ 57 ,  67 – 73 ]. As most of the works concentrate on producing 
SMPU with vegetable oils as the soft segment while still using petrochemical-based 
diisocyanate as the hard segment, Hojabri and coworkers [ 74 ] devoted a study on 
preparing segmented PU using fatty acid-derived diisocyanate and vegetable oil- 
based polyol in an effort to produce a fully bio-based PU. The value of soft seg-
ment’s T g  was 27.5 °C and was suitable to be used as a smart PU.

14.4         Potential Application of Smart Polyurethane 

 Smart PUs are widely used in textile, engineering, and  medical   applications. In the 
textile area, SMPU is applied in fi ber spinning and fabric and garment fi nishing. It 
can offer a temperature dependence on water vapor permeability for a SMPU-coated 
fabric. There is also potential to coat SMPU on a fabric such that its permeability 
changes as the wearer’s environment and body temperature change, forming an 
ideal combination of thermal insulation and vapor permeability for military cloth-
ing. When the body temperature is low, the fabric is less permeable and retains body 
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heat. When the body is sweating, it allows water vapor to escape into the air because 
its moisture permeability becomes very high with increasing body temperature. 
SMPU also can be laminated, fi lmed, foamed, and even converted directly into 
fi bers. SMPU-laminated fabric produces a smart fabric with excellent properties 
(waterproof, windproof, and breathable) [ 75 ,  76 ]. 

 Smart PU combines excellent mechanical properties with good blood compati-
bility, which favors their use and development as biomaterials, particularly as com-
ponents for implanted devices [ 4 ]. SMPUs also have tremendous applications in 
other biomedical devices such as smart sutures, vascular stents, and micro-actuator 
for blood vessel clots and cardiovascular dent applications [ 77 ]. In surgical suture 
applications, the shape memory property of SMPU enables wound closure and sup-
ports both healing and tissue regeneration [ 78 ]. 

 In technical and engineering  applications, a   combination of functionalities such 
as self-healing, antifouling, and superhydrophobic in PU smart coating make it 
preferable as a corrosion protection for steel. It is essential to mitigate corrosion 
problems in assets that are exposed to marine environments. Polyurea capsules 
functionalized with amino silanes were used to encapsulate hydrophobic linseed oil. 
The capsules were embedded in a polyurethane coating applied to steel and tested 
in 5 % NaCl solution. The fi nal system shows an improvement in corrosion resis-
tance due to the release of linseed oil into the micro cracks [ 79 ]. In addition, smart 
PU can also be used in food industry. The ox-CNT/PU nanocomposite has potential 
applications for controlling tags or proof marks in the area of frozen food due to a 
higher shape recovery ratio for the fi rst cycle along with faster recovery [ 80 ].  

14.5     Conclusion 

 In conclusion, smart polyurethanes are prospective materials in numerous different 
applications as their end properties may be tailored accordingly by the proper selec-
tion of raw materials. This chapter also presented the current trends in the develop-
ment of conventional SMPU along with vegetable oil-based SMPU in response to 
environmental awareness. Though the idea of vegetable oil-based SMPU has evolved 
for some time now and several signifi cant advances have been made in the novel route 
of producing vegetable oil-based polyols and the resulting SMPU, further efforts are 
still necessary in developing a practical synthesis method for bulk production.     
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Chapter 15
Piezoelectric PVDF Polymeric Films 
and Fibers: Polymorphisms, Measurements, 
and Applications

Ramin Khajavi and Mina Abbasipour

Abstract The development of piezoelectric materials has surged forward due to 

their ability to convert mechanical energy into electrical energy and conversely.  

A wide range of materials have so far been introduced in the field, among which 

lead zirconate titanate (PZT) and polyvinylidene fluoride (PVDF) are the high-

lighted products because of their higher conversion efficiency, especially the high 

flexibility of the latter. PVDF is a semicrystalline polymer whose molecular struc-

ture is composed of a repeating monomer unit of (–CH2CF2–)n. In this chapter, dif-

ferent polymorphisms of PVDF depending on the chain conformations of trans (T) 

and gauche (G) linkages are presented. Also, various methods such as Fourier trans-

form infrared spectroscopy (FTIR), X-ray powder diffraction (XRD) analysis, and 

differential scanning calorimetry (DSC) employed for the investigation of phase 

transition are summarized. Strategies for the enhancement of the β-phase such as 

mechanical stretching, electrical polling, and addition of fillers are discussed. 

Moreover, the evaluation components of the piezoelectric efficiency including 

piezoelectric coefficients, responding voltage, polarization-electric field (P-E) hys-

teresis loops, electric displacement field (charge per unit area), permittivity (also 

known as dielectric constant), and dielectric loss factor (tan δ) are emphasized. 

Finally, the applications of PVDF polymers were discussed in the design of piezo-

electric sensors, actuators, and energy harvesting devices.
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15.1  Introduction

Medical devices that incorporate wireless technologies and are to be used in 

 applications for the replacement of vital human organs have to be small and drive 

active functioning. Micro-electromechanical (MEM) and nano-electromechanical 

(NEM) devices are new possibilities that can be used to meet the energy require-

ments of such devices. Outstanding in the field, piezoelectric materials have been 

used widely. It is due to “their wide bandwidth, fast electromechanical response,” 

and “relatively low power requirements.” Piezoelectricity means the “generation of 

electrical polarization” for materials in response to a mechanical stress (direct 

effect), and vice versa [1]. Different materials exhibit piezoelectric properties, such 

as “zinc oxide, lead zirconate titanate (PZT), cadmium sulfide, barium titanate and 

gallium nitride” [1–5].

Piezoelectric polymers have received great attention in literature. Polyvinylidene 

fluoride (PVDF) is one example of such polymers that exhibit piezoelectric proper-

ties. Kawai [6] was the first to discuss PVDF’s piezoelectric properties in 1969, 

highlighting its incredible flexibility and processability, thus enabling the creation 

of an entirely novel category of electroactive polymers (EAPs). Unfortunately, 

restraints such as reduced voltages and their ability for force generation have hin-

dered the widespread adoption of EAPs [7–10]. In an attempt to triumph over these 

known EAP restrictions, various inorganic, high dielectric constant fillers such as 

ceramic powders, “barium titanate (BaTiO3), lead titanate (PbTiO3), lead zirconate 

titanate (PZT),” and lead magnesium niobate–lead titanate (PMN–PT) have been 

integrated into the matrix of PVDF [11].

This chapter discusses the different polymorphisms of a PVDF polymer depend-

ing on its chain conformation of trans (T) and gauche (G) linkages. Various methods 

to investigate its β-phase are presented, including Fourier transform infrared (FTIR), 

X-ray diffraction method (XRD), and differential scanning calorimeter (DSC). 

Some techniques are also presented for the enhancement of the β-phase such as 

stretching, electrical polling, and filler addition. Different methods are introduced 

for the evaluation of piezoelectric efficiency, including piezoelectric coefficients, 

voltage response, polarization-electric field (P-E) hysteresis loop, electric displace-

ment (charge per unit mass), permittivity (dielectric constant), and loss in dielectric 

materials (tan δ). Finally, its applications as sensors, actuators, and energy harvest-

ing are discussed.

15.2  Polymorphisms of PVDF

PVDF refers to a semicrystalline polymer with superior piezoelectric properties, 

having a repeated monomer unit of (–CH2CF2–)n [12]. The PVDF polymer has five 

distinct crystallite polymorphs, which are dependent upon the trans (T) and gauche 

(G) linkages in the overall chain conformation. PVDF’s dominant α-phase polymorph 
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is composed of a monoclinic unit cell and is distinguished by its chain conformation 

of TGTG′ (“T = trans, G = gauche+, G′ = gauche−”). PVDF’s β-phase is of the most 

interest as it is the conformation [all-trans (TTTT)] that exhibits the piezoelectric 

crystallization polymorph alongside an orthorhombic unit cell. The other phases of 

interest are the γ (orthorhombic unit cell, TTTGTTTG′ conformation), δ (polar 

 version of α), and ε (anti-polar version of γ). From all of these PVDF conformations, 

the most influential and typical are those of the α- and β-phases. The segment of 

α-PVDF’s network is comprised of two chains that have a TGTG′ conformation, where 

the axis of the chain and the dipole components are antiparallel, thus neutralizing each 

other. As such, the α-phase is classified as being nonpolar and non-piezoelectric. In 

contrast, the β-phase’s chain’s axis and the dipole components are parallel. Therefore, 

its crystal formation creates the greatest spontaneous polarization while displaying 

pronounced ferroelectric and piezoelectric characteristics [12–15].

15.3  β-Phase Measurements

A wide range of strategies have been developed to measure the electroactive phases 

of PVDF, such as FTIR, XRD, and DSC [13]. FTIR spectra and XRD patterns are 

usually used for the identification of the phases. The α- and β-phases of PVDF are 

simply identified by FTIR spectroscopy and X-ray diffraction. However, the γ-phase 

has been incorrectly identified as the β-phase. It is difficult to identify and quantify 

both γ- and β-phases due to the similarity of specific conformations of their phases 

and their characteristics [15–23].

15.3.1  Fourier Transformed Infrared Spectroscopy

FTIR is used to explain differences in the crystalline forms of PVDF, where there 

are some common bands in the α- and β-phases. In addition, the sample can possess 

more than one crystal structure based on the preparation conditions. The α-phase of 

PVDF is easily detected by the FTIR absorption and is characterized by absorption 

bands at 489, 614, 766, 795, 855, and 976 cm−1. Characteristic band patterns of the 

β-phase have been identified at 845, 745, 510, 445, and 1279 cm−1.

As previously mentioned, the β- and γ-phases show a similar number of bands 

and waves due to the same polymer chain conformations. For example, the band at 

512 cm−1 for the γ-phase is very close to the band at 510 cm−1 for the β-phase [16]. 

On the other hand, the band at 840 cm−1 is common to both β- and γ-phases; it is, 

however, a strong band just for the β-phase while demonstrating a shoulder on the 

833 cm−1 band for the γ-phase (Fig. 15.1b). The bands at 431, 776, 812, 833, and 

1233 cm−1 are attributed to the γ-phase [17, 18].

The FTIR results are also commonly used for the quantification of the electroac-

tive phase content of PVDF; however, there is no single, uniform way to perform 
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this analysis. The calculation of β-phase content is determined by a band at 766 and 

840 cm−1, where Kα and Kβ are the absorption coefficients at these wave numbers. 

Therefore, the relative fraction of the β-phase is calculated by using Eq. (15.1) [20]:
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15.3.2  X-Ray Diffraction

XRD is another method that can be utilized to identify the PVDF’s phases. Until 

recently, the preparation of a sample with the γ-phase has been limited, and there-

fore, few diffraction diagram characteristics have been obtained from this phase 

[25, 26]. However, the comparative analysis of the diffraction peaks of the α- and 

γ-phase samples allows the identification of diffraction peaks belonging to the 

γ-phase [16]. Lopes et al. prepared a PVDF/clay and showed the characteristics 

peaks of γ-phase in XRD patterns [27]. All the α-, β-, and γ-phases show an intense 

peak around 2θ = 20°, but only α- and γ-phases demonstrate different peaks close to 

2θ = 18°. Therefore, it is easy to distinguish the β-phase [26]. The β-phase shows a 

defined peak at 2θ = 20.26° attributed to the 110 and 200 plane diffractions [26, 27]. 

The α-phase presents characteristic peaks at 2θ = 17.66° and 18.30° corresponding 

Fig. 15.1 FTIR–ATR spectra of α-, γ-, and β-PVDF with identification of the α-, β-, and γ-phase 

characteristics bands (a) and a detail of the β- and γ-characteristic region commonly used in the litera-

ture for the identification of the phases (b) (reprinted with permission from [24], copyright Elsevier)
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to 100, 020, and 110 planes, respectively. In addition, the α-phase also presents a 

peak at 2θ = 26.56° corresponding to the 021 diffraction plane [26, 28, 29]. Finally, 

the γ-phase provides peaks at 2θ = 18.5° and 2θ = 19.2° related to the 020 and 002 

planes, respectively. Also, a more intense peak can be detected at 2θ = 20.04° associ-

ated to the 110 crystalline plane. Similar to the α-phase, the γ-phase presents a 

weaker peak at the region of 26.8° associated with the (022) plane. Figure 15.2 

shows the diffraction for crystal plane and angle for different phases of PVDF.

15.3.3  Differential Scanning Calorimetry

DSC is a widely used method that can be utilized to determine the PVDF’s crystal-

line phases. Different melting peaks appear in the DSC thermogram according to 

the crystalline phase of PVDF. Prest and Luca recorded the α-phase in the endother-

mal peak at 172 °C [15], while Gregorio and Cestarini obtained a peak at 167 °C 

[25]. In other words, the β-crystallites exhibit a melting temperature which is simi-

lar to that of α-PVDF [16, 18, 25]. Thus, DSC was not applied to differentiate these 

two phases [27, 28]. The melting temperature was about 8 °C, greater than that of 

the α-phase (between 179 and 180 °C). The γ-phase acquired by the crystallization 

of the melt (from the α→γ-transformation; represented as γ′) showed the melting 

temperature was about 18 °C, greater than the melting temperature of the α-phase 

(189–190 °C) [16, 18].

Fig. 15.2 XRD patterns of 

α, γ-, and β-PVDF with 

the identification of the 

corresponding diffraction 

crystal planes for each 

phase (reprinted with 

permission from [24], 

copyright Elsevier)
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15.4  Enhanced β-Phase Formation in PVDF Polymer

Multiple techniques have been utilized during the production process so as to 

achieve dipole alignment in the crystalline structures in an attempt to fabricate 

β-phase PVDF, including uniaxial or biaxial stretching [26, 30–34], high electric 

field [35], thermal annealing [36–40], and fillers [41–45]. Polymer chains are 

aligned into the all-trans planar zigzag (TTT) conformations when stress is applied 

in the film. The stretching process caused the normal alignment of the polymer 

chain’s dipoles in the direction of the applied stress [30]. It was reported that the 

stretching speed had little effect on F (β), whereas the drawing ratio had a signifi-

cant influence on F (β) value. Li et al. found that the characteristic peak of the 

β-phase was increased with increases in stretching temperatures [29]. As reported, 

the highest β-phase content was observed at 80 °C, the temperature required reach-

ing maximum β-phase content along with a stretch ratio (R) of 5. Via the mechani-

cal stretching methodology, PVDF’s α- to β-crystal transformation was illustrated 

by 3D-DM photos upon completion of in situ investigation under an optical tensile 

stress microscopy tester (Fig. 15.3). Post-stretching, transversal belt creation can be 

seen in the middle of the deformed spherulites.

Apart from mechanical stretching and electrical poling on phase changes, various 

fillers, such as graphene [46–60], carbon nanotubes (CNT) [61–67], and clay [28, 68, 

69], have been introduced to improve the β-phase content. For example, in a reported 

study, nanoclay materials were added in order to enhance the formation of the 

Fig. 15.3 The polarized 

photo of stretched samples 

observed by polarized 

module of 3D digital 

microscope (reprinted with 

permission from [41], 

copyright RSC)
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β-phase [69]. Different studies have proven the effect of CNT (such as single- wall 

carbon nanotube (SWCNT), multi-wall carbon nanotube (MWCNT), and modified 

MCNT with NH2) on the β-phase formation [61–67]. The β-phase was found to 

increase by increasing the CNT content in the matrix. For example, the intensity of 

β-phase peak increased as the SWCNT content increased. The β-phase content was 

elevated up to 14 % through the addition of 3 wt% SWCNT. However, the β-phase 

content was increased to 39 % by adding a 3 wt% MWCNT [62]. The MWCNTs was 

reported to act as nuclei which could lead to higher crystallization in the β-phase 

[70]. Further, the interactions between the functional groups on the MWCNTs and 

the CF2 dipole of PVDF chains result in the establishment of local orientation of the 

β-phase, significantly affected by the increased crystallization rate that occurs because 

of the McCants’s presence. A PVDF/Ag nanowire (AgNW) nanofibers by using the 

electrospinning method was prepared by Li et al. [71]. It was observed that the 

AgNW increased the content of β-phase [71]. The produced electrospun PVDF/clay 

nanofibers by Liu et al. [72] revealed the α-phase, whereas the α-phase was com-

pletely removed in the electrospun PVDF/clay nanofibers.

15.5  Piezoelectric Measurements

15.5.1  Piezoelectric Charge Constant (d)

When mechanical stress (1 N/m2) is applied to a film’s surface, the piezoelectric 
charge constant (C/N) is identical to the charge density (Coulomb/m2). Conversely, 

a piezoelectric material receives mechanical deformation (m/m) per unit of the elec-

tric field (V/m). In the following equation, d’s first subscript refers to the polariza-

tion direction generated in the material, when the electric field (E) is 0 or, conversely, 

displays the applied field strength’s direction. d3j shows the film’s piezo-activity, 

relating to the electrical charges supplied by 1 m2 when a pressure of 1 Pa is exerted 

along the “j” axis (Eq. 15.2) [73]:

 

dij= =electricalchargedensity appliedstress/ /
Qi

Ai

Fj

Aj
 

(15.2)

(Ax = area according to axis x, F = force, Q = charge)

Generally, mechanical stretching is identified as positive while compression is 

identified as negative. Furthermore, the positive electric field’s direction is related to 

the dipoles’ orientation. As such, d33 is negative, while both d31 and d32 are identi-

fied as positive. These films exhibit a positive side mark. This side will measure 

positive voltage (the other grounded), when the film is compressed along axis three 

or stretched along the axes one or two. It should be noted that the voltage reading 

from the film’s opposing side results in a reversed value. d33 is obtained by using Eq. 

(15.3) [73]:
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Q d F= 33.

 (15.3)

A polarized PVDF film was found to exhibit d31 = 17, d32 = 5–6, and d33 = 21 pC/N 

[74]. Fillers can enhance dielectric constants. A reported study concluded that d33 of 

a PVDF film was increased by adding a MWCNT [75]. The value of d33 was found 

to be dependent on the amount of β-phase, showing the same behavior as the 

β-phase. An average piezoelectric coefficient (d33 = −57.6 pm/V) for electrospun 

PVDF nanofibers through a near-field electrospinning technique were obtained 

[76]. The electrospun PVDF nanofibers exhibited various piezoelectric coefficients 

by changing fiber diameters. Various studies have reported different piezoelectric 

coefficients due to different thicknesses. For example, the piezoelectric activity of a 

PVDF/nanoclay/MWCNT nanocomposite was reported to be zero [77]. The possi-

ble reason for this is strong interactions between nanomaterials and PVDF chains 

which limit the mobility of PVDF chains, thereby shifting the stretching force on 

the chains toward the crystal front.

15.5.2  Voltage Response

The piezoelectric voltage constant (g) is defined as the generation of an electric field 

via piezoelectric material per unit of applied mechanical stress applied to said mate-

rial, or in other words, it is the mechanical strain exerted upon a piezoelectric mate-

rial per unit of electric applied displacement [73]. The term g’s initial subscript 

designates the material’s generated electric field direction or the applied electric 

displacement directionality. The subsequent subscript is the applied stress’ direction 

or the induced strain’s direction. The product of the applied stress and g values 

yields the piezoelectric material’s generated electric field strength as a response to 

an applied physical stress; thus, the assessment of a material’s applicability for sens-

ing (sensor) applications relies heavily upon the value of g. Generation of an electric 

field (E) via an external stress (σ) in piezoelectric materials and the magnitude of 

said electric field are believed to be theoretically “proportional to the piezoelectric 

voltage coefficient [g33 (Eq. 15.4)] [78]:

 
E g= 33.s

 (15.4)

The equation can be simplified to E=V/L and σ =εY, where the length of the mate-

rial is represented by L and Y stands for the material’s Young modulus. The output 

voltage is denoted as V which can be obtained by Eq. (15.5) [78]:

 
V g YL= 33e  (15.5)

Chang et al. produced a PVDF nanogenerator by using the near-field electrospin-

ning technique [79]. While undergoing mechanical stretching, generation of posi-

tive voltage (5–30 mV) and current (0.5–3 nA) took place. As the nanogenerator 
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released strain, observation of corresponding negative peaks was witnessed in output 

voltage and current readings. However, poly ethylene oxide (PEO) nanofibers were 

noisy, although no visible peaks were shown. It means that PEO nanofibers demon-

strated some piezoelectric behavior unlike PVDF nanofibers. Chang et al. found that 

piezoelectricity enhanced by incorporating CNT [79]. The PVDF/CNT nanofiber 

generated 6.2 mV under 0.076 % strain.

15.5.3  Polarization-Electric Field (P-E) Hysteresis Loop

Data gathered from the comparison between field and polarization studies provide 

addition insight into the material’s properties including losses, charge storage, and 

impedance characteristics, all of which are crucial in the design of driving electron-

ics. Minimum coercive energy and remnant polarization (Pr) are exhibited by neat 

PVDF films. While similar coercive energy is displayed at certain electric fields by 

PVDFs that are rolled and poled, differences can be seen in the Pr and the area under 

the peak. Piezoelectric behavior is observed when preferential orientation is achieved 

in the dipoles (electric field parallel to the plane), which is achieved via rolling [80]. 

In a reported study, the effects of the addition of MWCNT on the P-E [70] have been 

investigated. The authors obtained a larger remnant polarization (Pr) for the drawn 

and poled PVDF/MWCNT nanofiber composite films when compared to drawn and 

poled nano-fibrous pure PVDF films [70]. PVDF/MWCNT composite films resulted 

in a much higher value of Pr than neat PVDF films, which was due to an increase in 

the amount of the β-phase at the presence of MWCNT [75].

15.5.4  Electric Displacement (Charge per Unit Mass)

Precise actuator strain versus field characteristic measurements are needed so that 

the piezoelectric or electro-strictive actuators in smart structure systems are effec-

tive. As most often seen in electro-strictive materials, non-linearities are exhibited 

by these properties along with fluctuations in hysteresis, temperature, frequency, 

and aging effects. For quality control, design, and optimization purposes, these 

actuator control systems require precise characterization [80]. The central deforma-

tions of PVDF fibers using a finite element analysis software and digital microscope 

with a charge-coupled device (CCD) were measured [76]. It was found that the 

existence of the piezoelectric effect led to larger downward displacements 

(−0.418 μm) under a negative electric field (−1.2 V/μm), as compared to the dis-

placements (0.425 μm) under a positive electric field (1.2 V/μm) [76]. Similarity, 

center displacements of 5 μm for PVDF/MWCNT fibers were obtained [75]. Central 

displacements were produced when an external electric field (+E) was applied along 

the fiber length. There was a linear relationship between fiber central deformations 

and applied electric fields. Cauda et al. obtained butterfly displacement-field loops 
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in PVDF and poly(vinylidene–fluoride–trifluoroethylene) [P(VDF–TrFE)] NWs 

[81]. It was found that the displacement of PVDF/MWCNT enhanced as the β-phase 

increased [70]. Energy densities can be calculated though the electric displace-

ment–electric field (D–E) loops obtained from the P–E loops by using the relation-

ship as follows (Eq. 15.6):

 D E P= +e  (15.6)

(where P is the polarization, E is the applied electric field, and D is the electric 

displacement field).

15.5.5  Permittivity (Dielectric Constant)

Generally speaking, two parameters dictate the dielectric constant: the dipole orien-

tation found in the polymer’s amorphous segments and formation of crystal defects 

inflicted by the chain folding and free chain ends. In this regard, dielectric polariza-

tion is affected by the orientation of the crystals and close packing. There is specula-

tion that reorientation of dipoles can be prevented by the intense chain attractions 

that come from the close packing of the crystals. The processing effects imposed 

upon the PVDF’s dielectric properties have been studied and reported [80]. The 

dielectric constants in a specific frequency range (102–106 Hz) were found to be 

similar for neat, poled, and rolled PVDFs. This behavior is due to the fact that for 

ambient temperature, the orientation of the dipole within the amorphous regions is 

unaffected by the poling process. Since the rolled samples display and electric field 

perpendicular to the chain, neat PVDF has a lower “dielectric permittivity” than 

those that are rolled. It seems that two possible reasons contribute in decreasing of 

permittivity. First, the crystal created in the rolling process limits the free movement 

of the electric dipoles. Secondly, the presence of crystal–amorphous interfaces leads 

to decreased “dielectric permittivity.” As reported, the “dielectric permittivity” of 

annealed PVDF films is less than that of the neat PVDF due to de-poling effects. In 

addition, simultaneously poling and mechanical rolling processes lead to a decrease 

in the “dielectric permittivity.” This can be attributed to a negative effect of poling 

at 100 °C and destruction of the structure due to mechanical rolling. It can be con-

cluded that a mixed process resulted in decreased “dielectric permittivity.”

Gregorio and Ueno studied the effects of the crystalline phase, uniaxial drawing, 

and temperature on real (ε′) and imaginary parts (ε″) of complex relative  permittivity 

of PVDFs at a frequency range of 102 and 106 Hz [82]. It was found that the crystal-

line phase induced strong influences on the values of ε′ and ε″. An increase in ε″ at 

high-frequency regions can be attributed to the αa relaxation process (or β-relaxation), 

associated with the glass transition of PVDF. In addition, the molecular orientation 

led to increased values of ε′ for both PVDF phases and also modified its depen-

dency to the temperature over the whole frequency range. Phase transformations 

and crystal structure changes resulted from nanofillers that could further influence 
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the electric/dielectric properties of a nanocomposite. For instance, the crystalline 

phase exerted a strong impact on both real (ε′) and imaginary parts (ε″) of complex 

relative permittivity, indicating that the ε′ increased along with amounts of β-phase 

and molecular orders.

It was found by that the dielectric constant could be expressed as a function of 

annealing time and temperature [83]. Decreases in dielectric and piezoelectric 

responses were observed in the initial 4 h at a specific temperature (specifically, 

above 80 °C), with stability increasing over extended annealing periods. PVDFs’ 

dielectric properties and the influence that carbon nanofibers (CNFs) exert upon them 

were studied by Tang et al. [84]. The authors evaluated the dielectric constant of dif-

ferent pure, stretched, and recrystallized samples at a frequency range of 103–106 Hz 

at ambient temperature. An increase in the dielectric constant was observed as the 

CNF content increased. Furthermore, the impact of CNTs on the “dielectric permit-

tivity” of PVDF nanofibers [85] demonstrated that composites with higher content of 

CNTs had higher permittivity values [86]. For example, the permittivity values mea-

sured for the PVDF fibers with 0, 1, 2, and 3 wt% CNT at 100 Hz were 9, 12, 14.6, 

and 16.6, respectively. Moreover, the dielectric properties of PVDF/MWCNT nano-

composites have been investigated [87]. It was shown that the dielectric constant 

values increased with increased MWNT loading levels [86]. Also, the dielectric con-

stant of a composite with higher content of MWCNT was greater than that of low 

loaded content. In a separate work, the dielectric constant of a PVDF/clay composite 

with different contents of clay [42] was reported to be increased with the addition of 

clay content and that the sample with a higher content of clay had a higher dielectric 

constant. The dielectric behavior of electrospun PVDF/ZnO nanocomposites has also 

been studied [87]. When compared to composite’s (bulk- ZnO/PVDF) and constitu-

ent materials’ (both bulk-ZnO and PVDF) dielectric constants, the dielectric constant 

was found to significantly enhance at lower frequencies [87]. A 0.1 wt% graphene 

oxide (GO) nanocomposite was found to exhibit higher relative dielectric constants 

than the pure copolymer sample [88]. The reason was that the pure Poly(vinylidene 

fluoride-hexafluoropropylene) sample had less polar phases (β- and γ-phase) than the 

PVDF–HFP/GO. The relative dielectric constants for the pure copolymer and the 

0.1 wt% PVDF–HFP/GO at 1 kHz were 11.5 and 13.9, respectively. When character-

izing the dielectric constant of a PVDF/functionalized GO [89], it was observed that 

the dielectric constant began to increase due to the addition of functionalized GO.

15.5.6  Loss in Dielectric Materials (tan δ)

The term tan δ (or loss tangent) is typically utilized to explain the loss in dielectric 

materials and it is shown by Eq. (15.7) [81]:
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where the imaginary and real parts of permittivity are expressed as ε′ and ε″, respectively. 

This behavior may be due to the “high packing density and crystallographic texture” 

imparted by the mechanical rolling process, where a lower tan δ places limitations on 

chain mobility. These investigations have determined that, with minimal losses, materi-

als with decently large dielectric constants can be synthesized industrially via the 

mechanical rolling process [81]. The dielectric loss can be potentially increased with the 

addition of clay at lower frequencies [42], while it was remained constant for different 

samples at 102 Hz to 1 MHz. The dielectric loss of PVDF–HFP and PVDF–HFP/GO 

films by using dielectric spectroscopy has also been evaluated and reported [88]. The 

results showed that the dielectric loss was due to the dipolar relaxation mechanism of a 

polymer above 10 kHz and the conduction loss of GO below 10 Hz. Moreover, the 

dielectric loss of both materials was similar in the range of 0.04 at 1 kHz to 0.11 at 

1 MHz. It is worth mentioning that with an increase in the functionalized GO into PVDF, 

the dielectric loss can be increased [89].

15.6  Piezoelectric PVDF Application

PVDF is attractive for many energy converting applications between the electric 

and mechanical forms as it has an inexpensive structure, high flexibility, and bio-

compatibility. PVDF’s piezoelectric properties have been utilized in the production 

of multiple products including “strain sensors, mechanical actuators, energy har-

vesters and artificial muscles” [90–94].

15.6.1  Sensors

Piezoelectric materials can be directly used as sensors in structures that cannot gen-

erate their own power and require little external circuitry. Such piezoelectric sensors 

can measure vibration signals in the structure as to indicate the onset of damage (i.e., 

acoustic emission). PVDF and its copolymers such as P(VDF–TrFE) are used in 

sensing applications. The sensitivity of PVDF sensors is related with the content of 

β-phase [90]. Lee et al. investigated effects of different substrates [e.g., slide glass, 

poly(ethylene terephthalate), and poly(ethylene naphthalate)] and the effect of paper 

thickness on the piezoelectricity of PVDF nanofibers [91]. The study revealed that 

the thinnest paper substrate led to the highest voltage output. Development of a new 

acoustic sensor was achieved via the dual-electrode sandwiching of microsized 

PVDF pillars [92]. Individual PVDF transducers (single units or with a curved con-

figuration) could be used to build ultrasonic range sensors, transmitters, or receivers 

[93]. Characterization and comparison was completed for a large-area PVDF film 

with another PZT so as to evaluate their ultrasonic performance [94]. Due to their 

proclivity for robotic applications [95], the proposal of a new PVDF touching sensor 

called “piezoelectric oxide semiconductor field effect transistor (POSFET)” [96] was 
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applied for human skin condition monitoring [97]. While taking into consideration a 

conventional PVDF touch sensor, one of multilayered film construction was pro-

cured for pain sensor production [98], and peak monitoring within the PVDF sensors 

output enables material identification after contacting its target [99, 100]. The detec-

tion of the incident slippage and static friction was completed via PVDF-based tac-

tile sensors with structured electrodes [101].

In study of a piezoelectric sensor based on PVDF nanofibers [102], the sensitivity 

of the sensor was investigated with different applied forces. Moreover, a pressure 

sensor utilizing PVDF/AgNW nanofibers was developed [90], where the sensitivity 

was found to enhance with increasing the content of AgNW. This study obtained a 

sensitivity close to 30 pC/N for the nanofiber webs with 1.5 wt% Ag NWs, near to 

that of poly(vinylidene–fluoride–trifluoroethylene) [i.e., (P(VDF–TrFE)], 77/23 (wt/

wt). Through the production of c fibers, it was found that the electrical sensitivity 

was improved with increasing PPy [103]. The explanation for the improvement was 

that the relative conductivity was enhanced by increasing the contact between PVDF/

PPy fibers. According to a reported study, a greater voltage response (i.e., 96.62 V/J) 

could be achieved by the sponge-supported sensor, compared to the rubber- supported 

sensor (82.26 V/J) [74]. When using a developed PVDF/CNT nanocomposite for the 

application of strain sensors, the sensitivity of the sensor was evaluated with a gauge 

factor [104], and an impact sensor was produced by a PVDF film sandwiched. 

Sharma et al. [105] provided aligned core-shell PVDF–TrFE nanofibers (PVDF–

TrFE used as the shell and PVP/PEDOT: PSS as the core) for pressure sensors of 

endovascular repair [106]. The authors tested the sensor’s response in vitro under 

simulated physiological conditions. It has been reported that the core-shell fiber-

based sensor exhibited 40-fold higher sensitivity than thin film structure.

15.6.2  Actuators

Given their converse piezoelectric properties, piezoelectric materials can be used as 

actuator systems. They have unique properties because they provide mechanical 

excitations to a structure (e.g., guided waves) when driven by a tuned AC electrical 

signal. Under an applied electric field, the piezoelectric effect will generate a 

mechanical strain of a magnitude (εp) along the fiber axis as described in Eq. (15.8) 

(without considering external forces applied to the fiber) [76]:

 
e p = d E33  

(15.8)

where E is the applied electric field vector and d33 is the piezoelectric coefficient.

Compression and stretching in the fiber, respectively, was due in part by the posi-

tive (same direction of fiber polarity) and negative (opposite direction to polarity) 

electric fields form the negative d33 value of PVDF [76]. PVDF fibers were synthe-

sized by via the implementation of near-field electrospinning methods [76]. Many 

applications for these fiber-based actuators have been found including artificial 
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muscles and switches. Sulfonated poly(ether ether ketone) (i.e., SPEEK) and PVDF 

were combined to form a novel electroactive polymer based upon blended polymer 

membrane, created as a cost-saving, high-performance, controllable rigid/ionic net-

worked polymer actuator [106]. The SPEEK/PVDF actuator was found to generate 

much larger tip displacements (approximately 1.2 in 0.1 Hz and 2.5 in 3 V) than the 

SPEEK actuator [106]. In a recent study, a hybrid electroactive polymer actuator 

using PVDF/bacterial cellulose nanowhiskers via an electrospinning method was 

developed [107]. The actuator caused a significant performance as 3.4 mm and 

4.5 mm for the sinusoidal and step inputs. The development of a micro-cantilever 

actuator based on a PVDF film using a spin-coating technique has also been reported 

[108]. Two cantilevers were fabricated having different thickness and width (20 μm 

and 500 μm) and length (2 mm and 3 mm) values. The result was maximum actua-

tions of 100 μm for 2 mm length and 170 μm for 3 mm length at 300 V. Fu et al. used 

piezoelectric PVDF/nickel iron for the design of piezoelectric cantilever actuator 

[109]. The cantilever generated a deflection of 70 μm. A poly(styrene-alt-maleimide) 

(PMS) incorporated PVDF composite by using electroless-plating technique was 

prepared by Lu et al. [110]. The authors measured resonant frequency, tip displace-

ment, current, and blocking force so as to compare the composite actuator to the 

traditional Nafion actuator. The displacement of PDF/PMSI actuator was larger than 

that of the Nafion-based actuator.

A piezoelectric sensor can also be used for simultaneous actuation and sensing 

of the vibration. Of such utilizations, the use of a PZT wafer as a structural actuator 

and/or sensor and the PVDF film as a sensor [111], as well as a new double PVDF 

actuator/sensor pair arrangement for vibration control in a cantilever tip [112], can 

be mentioned. Furthermore, in order to provide both actuator and sensing capabili-

ties, the optimization between d31 and g31 has been performed and reported [113].

15.6.3  Energy Harvesters and Nanogenerators

Power generation devices based on piezoelectricity have been investigated in small 

mechanical energy harvesting applications. Mateu and Moll designed a piezoelec-

tric generator to harvest energy from human activities during walking (Fig. 15.4) 

[114]. In another study, a piezoelectric PVDF generator was fabricated to harvest 

energy from walking [115]. Instead of alumina foil, the collector was covered by a 

nickel-copper-coated PET to produce nanostructures and, consequently, to increase 

the output performance. The maximum output voltage, power, and output current 

obtained were 210 V, 2.1 mW, and 45 μA, respectively. Through the utilization of 

backpack device, a new energy harvesting device has been created with PVDF that 

could produce electricity via the differential forces found between the user and the 

device used (Fig. 15.5) [116].

Evaluating the energy scavenging abilities of carbon black-filled poly(vinylidene–

fluoride–trifluoroethylene–chlorofluoroethylene) [P(VDF–TrFE–CFE)] composite, 

Lallart et al. [117] found that the P(VDF–TrFE–CFE)/carbon had an electric energy 
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density 2000 times higher than pure polyurethane. The voltage responses of both 

PZT composite structures and PVDF strips under various wind speeds and water 

droplets for the generation of electricity have been investigated [118]. In this study, 

the influence of material dimensions, drop mass, drop release height, and speed of the 

wind was examined for voltage output. Greater voltage/power generation could be 

achieved through the use of PVDF over other PZT materials. The energy harvesting 

capacity of piezoelectric PVDF was determined for simulated blood pressures via 

FEM analysis so as to theoretically evaluate both square and circular configurations 

Fig. 15.4 A piezoelectric film-based power generator (reprinted with permission from [4], copy-

right Springer Ltd)

Fig. 15.5 Schematic of 

the backpack with 

piezoelectric straps 

(reprinted with permission 

from [4], copyright 

Springer Ltd)
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[119]. Fang et al. [120] fabricated randomly oriented PVDF nanofibers by a needless 

electrospinning technique. The authors found that the higher β-phase resulted in 

higher energy conversion efficiency and that the generation of pulse voltages was 

observed when the nanofibers’ membrane subjected to compression [121]. Through 

a design of a self-charging power cell, hybridizing energy generation and storage 

with a piezoelectric PVDF film and lithium-ion battery were studied [122]. This har-

vester allows conversion of mechanical energy to electricity and further stores elec-

tric energy in the form of chemical energy. In a produced BaTiO3 nanoparticle/

piezoelectric PVDF film [123], it was observed that the voltage reached 150 V, capa-

ble to turn on three light emitting diodes. An output voltage of 16.7 V and a current 

density of 0.2 μA cm−2 were obtained for 800 mN of stretching power of a piezoelec-

tric film device consisting of a PEDOT/PVDF/PODET layer used in harvesting sys-

tems to convert mechanical energy to electrical power [124]. Moreover, the design of 

a triboelectric–pyroelectric–piezoelectric hybrid cell for high-efficient energy har-

vesting and self-powered sensing has recently been reported [125].

Using a polarized PVDF film, a flexible hybrid energy cell was fabricated to 

harvest thermal and mechanical energies [126]. The usage of Li batteries as energy 

storage devices can drive four red LEDs. Of the most recently developed energy 

harvesting devices is a novel energy harvesting device from human motion at low 

frequencies and low forces [127], in which the pendulum is used to convert the 

energy of walking and jogging into electricity. It was found that a maximum of 

300 μm was produced at the frequency of 2 Hz. Electrical outputs of approximately 

0.1 V and 10 nA cm−2 at an angle 90° were achieved using an energy harvester based 

on PVDF/ZnO NW fibers to convert low-frequency motions (<1 Hz) of the human 

arm into electricity [128]. Spin-coating method has been utilized to fabricate a flex-

ible nanogenerator made of a P(VDF–TrFE) film [129], in which the nanogenerator 

exhibited an open-circuit voltage up to 7 V and short-circuit current of 58 nA. In 

another research, the usage of piezoelectric PVDF micro-belts to convert the energy 

of low-speed airflow to electricity was reported [130]. With the harvester fixed in 

the corrugation direction at two edges and free on the others, a bimorph power har-

vester composed of corrugated PVDF has been postulated [131].

So as to maintain the harvester optimal running conditions, adjustments were 

made to its resonant frequency by altering its geometrical configuration. By utilizing 

its switch-mode power electronics as a control mechanism, a piezoelectric device’s 

voltage/charge relative to the mechanical input was optimized for energy conversion 

in an active energy harvesting scheme put forth by Liu [132]. The amount of energy 

harvested increased by a factor of 5 for the same mechanical displacement was 

achieved by this methodology in comparison to an optimized diode rectifier-based 

circuit. Through using near-field electrospinning to produce piezoelectric PVDF 

nanofibers, under mechanical stretching, repeatable electrical outputs with efficient 

energy conversion were reported [79]. Made up of a piezoelectric PVDF nanofiber 

generator, a hybrid energy scavenging device that gathers biomechanical and bio-

chemical energy was developed by Hansen et al. [133]. Medical micro-robots 

intended for use within blood vessels were thought to benefit from the minute energy 

harvesting devices [134]. These devices were synthesized via conversion of efficient 
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piezoelectric PVDF components so as to yield coaxial nanofibers (polyaniline core, 

PVDF shell). Piezoelectric materials have also been utilized in the design of a 

 tree-shaped wind-powered system for energy scavenging [135]. The system was 

driven by PVDF (as the leaf element) and PZT (trunk portion) as to generate power 

(Fig. 15.6). The production of a pressure nanogenerator by using the far-field electro-

spinning method for P(VDF–TrFE) has been the focus of a study in which an output 

voltage of about 400 mV under different compression tests was reported [136].

15.7  Conclusion

Recently, a great deal of attention has been paid to the piezoelectric materials 

because of their capability in converting mechanical energy into electricity. The 

application of piezoelectric materials has been investigated in MEM and NEM 

devices; however, piezoelectric PVDF polymers have been widely studied due to 

their flexibility. A wide range of strategies are employed for the dipolar alignment 

in crystalline PVDF structures to obtain the β-phase of PVDF, including uniaxial or 

biaxial stretching, high electric field, thermal annealing, and filler addition. Different 

methods such as FTIR, XRD, and DSC are applied for the identification and 

PVDF

Dye Solar Cell

Circuit

LED

PZT

Wind Turbine

Rechargeable
Battery

Fig. 15.6 A prototype tree-shaped wind power system (reprinted with permission from [4], copy-

right Springer Ltd)
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quantification of the β-phase. Piezoelectric PVDF has been used for varieties of 

technologies including but not limited to sensors, actuators, energy harvesters, and 

nanogenerators. Measurements of voltage response, polarization-electric field hys-

teresis loop, displacement, permittivity, and piezoelectric constant are usually per-

formed when investigating the piezoelectric properties of PVDF polymers.
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    Abstract     The use of multifunctional materials in different biomedical applications 
has attracted much attention in recent years. Desire for biocompatible devices has 
paved the way for highly degradable and biocompatible materials that are specifi -
cally designed for targeted drug delivery and imaging contrast agents. Cellular and 
molecular interactions as well as those for engineered materials (atoms, molecules, 
and molecular fragments) are the foundation of biotechnology, where smart multi-
functional materials can serve as targeted drug delivery carriers, able to release 
therapeutic agents or genes in large doses into malignant cells without harming 
healthy cells. Simultaneously, these systems have the potential to radically change 
oncology, allowing for easy detection followed by effective targeted treatment at the 
onset of the disease. In this context, given the exhaustive possibilities available to 
polymeric particle chemistry, research has been directed at multifunctional materi-
als that combine tumor targeting, tumor therapy, and tumor imaging in an all-in-one 
system, providing a useful multimodal approach in the battle against cancer. In this 
context, a wide range of multifunctional systems, formed by liposomes, polymeric- 
coated magnetic particles, nanoemulsions, micelles, and hydrogels, have shown tre-
mendous progress in biotechnology applications. These engineered multifunctional 
materials have evolved to possess interesting properties such as prolonged life 
cycling while circulating in blood, target specifi city, and increased cell penetration 
of the therapeutic drugs and molecules. Current research is focused on understand-
ing and taking advantage of the features of a tumor’s microenvironment, including 
pH and temperature changes.  

  Keywords     Multifunctional materials   •   Polymers   •   Biotechnology   •   Drug delivery  
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16.1       Multifunctional Materials as Targeted Drug 
Delivery Vesicles 

 Multifunctional materials have gained increasing interest in many bio-related subjects, 
including vehicles for drug delivery or tissue engineering applications and biosensors 
and as bioseparation materials. They are typically a composite or hybrid of several 
distinct materials, in which each one performs a different but necessary function, 
such as structure, transport, or energy storage. Because each phase of the material 
accomplishes an essential function, multifunctional materials ensure a more fl exible 
weight-effi cient and volume-effi cient performance than that of a classic multicom-
ponent system. Multifunctional materials are designed to improve the general per-
formances of the system [ 1 ]. Thus, a multifunctional material requires a new design 
methodology in which system performance is underlined over the optimization of 
individual functions that are not usually used in material science. On the other hand, 
biological systems have perfected multifunction on a small scale. The complexity of 
these systems will require a comprehensive understanding of how the basic physical 
mechanisms can be handled to create a new, potentially favorable, procedure of 
achieving function and multivariable optimization tools. 

 The usage of technology by the society is an indirect measure of advancement 
and development of the said society. The period where we stand today is the mani-
festation of the increased knowledge coupled with the incoming of many novel tech-
nologies, such as nanotechnology, biotechnology, and information that may make 
the most profound impact [ 2 ]. Nanotechnology and biotechnology are expected to 
infl uence almost all sectors of daily life. The global research on these technologies 
is going to make the world more competitive in terms of the knowledge and its use. 
There are various engineering devices, assemblies, or architectures studied as plat-
forms in biotechnological applications. These include polymeric micelles, den-
drimers, polymeric capsules, liposomes, and magnetic particles [ 3 ,  4 ]. 

  Drug and diagnostic agents   are able to be incorporated into the said systems via 
encapsulation, covalent attachment, or surface adsorption. Activation of the release 
mechanism can be accomplished through pH, chemical, magnetic fi eld, or heat 
stimuli. As such, the multifunctional design of these systems illustrates the combi-
nation of targeted tissue delivery and imaging. Within a biological microenviron-
ment, this behavior is not identical for multifunctional particles as their stability and 
cellular distribution are dependent upon their morphology and size [ 5 ]. 

 These biodegradable systems are ideal for drug delivery applications just from 
their basic properties alone, allowing for site-specifi c drug accumulation due in part 
by their small size, penetrating capabilities into blood vessels (capillaries), and abil-
ity to collect within cells. Furthermore, preparation of the system allows for targeted 
drug release over a period of days or weeks after the initial dosing, thus establishing 
the basic concepts of utilization of the system. 

 The main objective of this chapter is to discuss the different types of multifunc-
tional materials used in biotechnology, resuming the opportunities and challenges 
that are implied by those systems. 
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16.1.1     Polymeric Micelles 

  Over the past several years, literature has presented many studies regarding the 
development of nanomedicine in drug delivery and molecular imaging applications 
[ 6 ,  7 ]. These therapeutic systems that incorporate therapeutic agents are under 
development as the next generation of multifunctional materials, to improve the 
therapeutic result of drug therapy. Therefore,   polymeric micelle    utilization has 
proven effective in hydrophobic molecule delivery. 

 When hydrophilic and hydrophobic segments within an amphiphilic block copo-
lymer are subjected to an aqueous environment, the large difference between the 
two segments’ solubility fuel is polymeric micelle formation. They exhibit a unique 
architecture, core-shell type, in which the hydrophobic core fulfi lls its role as a natu-
ral carrier environment for hydrophobic drugs, while the hydrophilic shell permits 
particle stabilization in liquid solution (Fig.  16.1 ) [ 8 ].

   In the case of tumor tissues, it has been observed that a signifi cant uptake of 
micelles occurs in reticuloendothelial systems (the liver, spleen), although the leaky 
vasculature of solid tumor increases micelle accumulation in tumor tissues. To 
improve drug effi ciency and cancer specifi city, the evolution of multifunctional 
polymeric micelles systems can target tumors by molecular recognition of cancer- 
specifi c markers. 

 An example of multifunctional polymeric micelles contains three signifi cant 
components, namely:

•    A chemotherapeutic agent, doxorubicin, released from the system through a 
 pH- dependent mechanism  

•   A ligand that can target integrin on endothelial cells and then induce receptor- 
mediated endocytosis for cellular uptake  

•   A cluster of superparamagnetic iron oxide nanoparticles loaded inside the hydro-
phobic core of a micelle for magnetic resonance imaging [ 9 ]    

 These systems were evolved to provide effective targeting for integrin receptors 
and growth inhibition in tumor cells. The future of research in this domain will open 
important opportunities for the targeted delivery of anticancer agents to tumors and 
also for using MRI as a noninvasive strategy to effi ciently target tumors for improved 
therapeutic results of drug therapy. 

hydrophobic
chain targeting
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therapeutic
agent

polymer

hydrophobic
therapeutic agent

hydrophilic
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  Fig. 16.1    Polymeric micelles used in the delivery of drugs       
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 Another type of polymeric micelles is composed of poly( L -histidine)/polyethyl-
ene glycol and poly( L -lactic acid) block copolymers, with folate conjugation [ 10 ]. 
The samples were investigated for pH-dependent drug release, showing drug release 
as the pH decreased from 8.0. When the micelles were conjugated with folic acid, 
the results obtained in vitro established that the micelles were more effective in 
destroying tumor cells due to accelerated drug release and folate receptor-mediated 
tumor uptake. This type of multifunctional polymeric micelles is expected to be 
useful for treatment of solid tumors in vivo  . 

 To improve tumor specifi city, exposure of multifunctional polymeric micelles com-
posed of a tumor targeting ligand, biotin, to the slightly acidic conditions of solid tumors 
(6.5 < pH < 7.0) has been investigated. The core-shell-type micelle may dissociate at 
more acidic conditions (6.5 < pH), causing the increased release of anticancer drug in 
early endosomal membrane disruption. This approach was made to overcome the limi-
tation of intracellular release of anticancer drugs, their non- specifi city becoming a main 
concern in tumor targeting and delivery. Although systems based on biotin transport in 
cells have not been fully investigated until now, literature mentions that all cells have a 
biotin transport system [ 11 ]. For that reason, biotin was selected as a nonspecifi c ligand 
that can be representative of endogenous ligands, like folic acid or vitamin B 12 . Thus, 
the studied smart micelles present four features when exposed to pH variation: ligand 
exposure at pH 7.0, micelle instability below pH 6.8, increased doxorubicin release, and 
endosomal membrane disruption. The fi rst feature is expected to improve tumor pH 
specifi city to nonspecifi c ligands, while the other three features may help in treating 
solid tumors that are diffi cult to treat by conventional chemotherapy (resistant tumors).   

16.1.2      Polymeric Microcapsules   

  Nano- and microparticles functionalized with different molecules are of great interest 
in many scientifi c domains, like cell biology, biotechnology, diagnostics, and phar-
maceutics [ 12 ,  13 ]. Functionalized particles can be utilized as sensing and diagnostic 
tools on the cellular level within the biomedical fi eld. The benefi ts that could be 
gained from a controlled microenvironment through the use of nano-/micro-size con-
tainers are hardly mentioned in currently available literature. Beyond use as delivery 
systems, new applications have been found for multifunctional nanocontainers such 
as controlled release, enzymatic catalysis, and directed drug delivery. The system’s 
ability to be multipurpose is described by the following characteristics:

 –    Luminescent semiconductor nanocrystals, or quantum dots, assist in both imag-
ing and the identifi cation of various capsules.  

 –   Superparamagnetic nanoparticles provide suitable capsule handling within a 
magnetic fi eld.  

 –   Surface coatings aid in providing targeting for the capsules to the desired cells.  
 –   Capsule wall-entrapped metallic nanoparticles serve as aggregates for electro-

magnetic fi elds while also providing heat for the controlled release.  
 –   Reactions are uniquely available for specifi c pharmaceutical agents (i.e., enzymes).    
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 The advantage of polymeric microcapsules comparatively with other systems is 
they can be functionalized at the same time with the components mentioned above, 
permitting the combination of their characteristics into a single item. A schematic 
representation of a hollow microcapsule is shown in Fig.  16.2 .

   These capsules are able to investigate the intracellular environments and release 
the encapsulated content under an external trigger. Also, they can protect proteins, 
enzymes, peptides, drugs, or hormones against chemical and biological degradation 
and can be released subsequently in a controlled manner [ 14 ]. 

 Hollow nanocapsules based on polyelectrolytes are permeable for water-soluble 
molecules, while liposomes are nearly impermeable for ions. Combination of the 
systems was undertaken so as to release the tiny ionic molecules into the localized 
area [ 14 ]. Studies have shown that permeation for minute hydrophilic solutes 
decreases when polyelectrolyte beads are coated with a lipid membrane; improved 
permeation is thus accomplished by coating liposomes with a polyelectrolyte layer 
(Fig.  16.3 ). Liposome used as a template is useful for increasing biocompatibility. 
Also, one can say that permeability for small molecules, soluble in water, can be 
dictated through the rebuilding of the membrane channels. Novel hybrid materials 
have been produced with specifi c properties by employing this methodology, choos-
ing either natural or modifi ed proteins. Isolating free materials from those that are 
encapsulated, researchers have used of magneto-liposomes, synthesized via the 
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 rehydration of a dried rhodamine-B-labeled fl uorescent lipid fi lm with a superpara-
magnetic fl uid (iron oxide nanoparticles acquired via the coprecipitation method) 
[ 15 ]. After the separation procedure, the magneto-liposomes were concentrated using 
a permanent magnetic. Subsequently, liposomes may be functionalized by coating 
with a polyelectrolyte layer that assures mechanical and biological stability.

   Also, magnetic nanoparticles (Fe 3 O 4 ) were entrapped into capsule shells, useful 
for specifi cally trapping polymer capsules, functionalized Cu magnetic nanoparti-
cles, and luminescent nanocrystals. The application is illustrated by using a model 
system for bloodstream fl ow and by creating a magnetic fi eld at the desired place 
with a permanent magnet [ 14 ,  16 ]. Here, increased cellular uptake of the capsules 
can be seen via a fl uorescence microscope as the capsule shells have the nanocrys-
tals embedded within them. Research has shown that polymer capsules functional-
ized with magnetic nanoparticles can aggregate in an area with a magnetic fi eld and 
can effectively accumulate in breast cancer cells because of the high site-specifi c 
capsule concentration. As such, this behavior is well suited for the site-specifi c 
delivery of therapeutically loaded magnetic polymer capsules .  

16.1.3     Gold Nanostructures for Biomedical Applications 

  Metal nanoparticles, especially those of gold,  are   considered to be versatile materi-
als for various applications, such as electronic and optical detection systems, thera-
peutics, diagnostics, photovoltaics, and catalysis [ 17 – 19 ]. Suitable properties of 
these structures determine their tailoring for special applications and while the 
chemical composition of a nanoparticle is important; even more important are the 
morphological aspect (size and shape) and its surface-colloidal properties. 

 The main property that calls for the use of gold structures in biomedical applica-
tion is represented by surface chemistry of gold, especially their nonreactive and 
bio-inert nature that increases its capacity to been used for in vitro and in vivo appli-
cations [ 20 ] (Fig.  16.4 ). Low cytotoxicity and clinical biocompatibility are two 
additional important characteristics that nurture the employment of these structures 
in biotechnology and in medical uses [ 21 ]. Gold colloids were applied in cancer 
research as radiotracers for lymph nodes and, in recent years, as drug carriers based 
on gold nanospheres were all tested with minimal side effects observed despite the 
high doses of drug. Latest research underlines the importance of several factors that 
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decide the suitability of these materials, especially the size and the shape of the 
particles, the surface coatings, and the method of administration [ 22 ].

   Synthesizing metal nanoparticles in solution represents the most commonly used 
method of chemical reduction of metal ions, involving organic solvents and ligands. 
In comparison with this synthesis method, another process based on the use of water 
as a solvent should provide an environmentally friendly route for the production of 
gold nanoparticles; the product formed can be easily incorporated into diverse prod-
ucts (from composites to cells). A strategy based on the physical adsorption of 
ligands on the nanoparticle surface is preferred in order to maintain the specifi c 
properties of the nanomaterial. Although some progress in this process has been 
made, there are still concerns regarding the preparation of metal nanoparticles, like 
the by-products from the reducing agent, the multiple steps of the reaction, and the 
high concentration of the protective agents. The future utilization of nontoxic chem-
icals, eco-friendly solvents, and renewable materials are upcoming issues where 
greater attention must be paid when developing synthetic strategies [ 23 ]. 

 In recent years, the challenges and opportunities pointed out above have been 
under consideration by many researchers. In this context, poly(ethylene oxide)–
poly(propylene oxide) can be used as a copolymer block that acts as stabilizers in the 
synthesis method; the preparation of gold nanoparticles takes place in an air- saturated 
aqueous solution, at environmental temperature [ 24 ], using nontoxic polymers 
(Pluronic, Poloxamers). This synthesis method is very fast (less than 2 h) and has 
favorable cost and low impact to the environment. As a result, the polymer’s chemical 
composition, architecture, molecular weight, and concentration permit the fi ne-tuning 
of the size and shape of the resulting nanoparticles. This functional polymer-based 
method [ 25 ] presents advantageous environmental conditions and small number of 
reactants, the resulting gold nanostructures obtained being applied in biological and 
biomedical applications. The advantage of having a single functional polymer that 
may serve as structure-directing agent and colloidal stabilizer for metal nanoparticles 
(as in example presented above) can be extended to other polymers as well. Recent 
trends in macromolecular synthesis, together with the latest knowledge in the domain 
of metal nanoparticle, offer great opportunities for connecting polymer science with 
nanotechnology toward the design and development of new nanomaterials, which can 
be integrated into various devices and processes [  26 ,  27 ].  

16.1.4      Polymer–Polyelectrolyte Complex   Used in Delivery 
of a Therapeutic Agent 

  Modern technologies based on polymeric nanoconstructs are used as targeted carri-
ers in diagnostics, drug and gene delivery, and are considered a research priority in 
nanomedicine. This leads to a strategy between disciplines to converge upon a solu-
tion whereas they typically work independently of one another, with such fi elds 
including engineering and molecular biology, chemistry, and virology physics and 
surgery. Nanostructure complexes are considered, in this context, to be formed by 
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macromolecular compounds. These structures were initially meant to be vaccine and 
cancer treating drug vehicles so as to reduce the toxicity incurred by conventional 
methods. The nanoparticle complex can be prepared from different materials, syn-
thetic polymers, or biopolymers (polysaccharides or proteins) [ 28 ,  29 ]. 

 The active component that can be embedded in the complex at the molecular 
level offers important advantages by improving their physicochemical characters 
like stability and dissolution. There are several ways for active substances to be 
encapsulated in a polymer-polyelectrolyte complex:

 –    Entrapped via the solution during precipitation of the complex.  
 –   Absorbed from the solution and incorporated into previously formed complex.  
 –   Chemically bound to at least one complex partner and precipitates during 

complexation.  
 –   The active compound itself may act as a polyion and forms a polyelectrolyte 

complex.    

 In all of those cases, the active substance from the complex will be released by 
solution equilibration, by ion exchange mechanism, by charge interaction, by slow 
decomplexation, or by breakdown and dissolution of the complex. 

 Drug delivery carrier can be enhanced by the implementation of peptide seg-
ments, proteins, or other small molecules along with the targeting and therapeutic 
properties of the nanoparticulate polymer matrices. Some of the possible advan-
tages include the drug’s controlled release as well as prolonged cycle time within 
the circulatory system. These drug delivering vehicles can be created with varying 
constructs, structures, and patterns such as dendrimers, liposomes, polymeric 
micelles, or virus-derived capsid nanoparticles [ 30 – 33 ]. Acquisition of the said sys-
tems can be accomplished through different many means, some requiring the use of 
potentially toxic solvents or other materials such as dispersion, emulsion, or inverse 
microemulsion polymerization of biodegradable and non-biodegradable monomers. 
Furthermore, chemical reactions may require the use of mineral oils and strong 
organic solvents to stabilize the polymer stability as well as to enhance reaction 
effi ciency, thus compromising the fi nal products’ biocompatibility via the initiators, 
surfactants, or unreacted products [ 34 ]. These issues bring up multiple limitations 
for potential biomedical application. As such, development of biodegradable, water- 
soluble polymer–polyelectrolyte complexes was undertaken to solve the said issues. 
Polymeric polyelectrolytes used as drug delivery systems present the following 
advantageous properties: there is slow rate of degradation, water can be used as a 
solvent, and normal cell function will remain unchanged. Intense electrostatic inter-
actions between charged microdomains of two oppositely charged polyelectrolytes 
yield a unique, complex architecture [ 35 ]. The complex can be acquired by the 
control of several factors such as rigidness of the polymeric chain, temperature, pH, 
as well as ionic strength and site location. Beyond their gene delivery applications 
and cell/tissue microencapsulation [ 36 ,  37 ], polymer–polyelectrolyte complexes are 
capable of functionalization with therapeutic, targeting, or imaging agents and may 
have different applications like in vitro cellular uptake, neovascular targeting, or 
controlled in vivo distribution. 
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 Some studies found in literature present the development and characterization of 
drug–polyelectrolyte matrices using different drugs like lidocaine or metoclo-
pramide [ 38 ]. These drugs proved that they can be loaded in high proportions into 
the polymer matrix; at the same time, the complex containing lidocaine presented 
better delivery properties in regard to the proportions of the loaded drug. On the 
other hand, dexamethasone, another active component encapsulated in a drug- 
loaded chitosan–alginate fi ber (prepared by interfacial polyelectrolyte complex-
ation method), was completely released within 2 h [ 39 ]. Meanwhile, some charged 
components like bovine serum albumin or avidin showed sustained release for 3 
weeks. Per the data gather from this study, fi bers loaded with therapeutics could be 
potentially synthesized via interfacial polyelectrolyte complexation and had the fol-
lowing desirable properties: improved encapsulation, sustained release kinetics, and 
retention of the encapsulants’ bioactivity. 

 Research concerning chitosan/poly(acrylic acid) polyionic complexes has been 
conducted for a vast array of copolymer compositions while utilizing two different 
drugs (i.e., amoxicillin trihydrate and amoxicillin sodium) [ 40 ]. Polymer/drug and 
polymer/polymer interactions were evaluated based on the resulting solute transport 
and swelling behaviors exhibited. It was found that the polyionic complexes’ swell-
ing ration determined amoxicillin trihydrate’s diffusion, with electrostatic polymer/
polymer interactions being found between chitosan’s cationic groups and poly(acrylic 
acid)’s anionic groups. One can observe and conclude that limitations of amoxicillin 
sodium diffusion could be remedied by interactions between polymer and ionized 
drug delaying the drug release. 

 It can be concluded that future advances in polymeric drug and gene delivery 
demand the development of nontoxic multicomponent materials to be used in both 
targeting and imaging applications. Polymer–polyelectrolyte complexes into a bio-
compatible and fl exible system are an alternative to currently available delivery 
mechanisms that employ organic solvents as a reaction medium. Producing the ideal 
polymer complexes for in vivo and in vitro   applications is no small feat. Therefore, 
issues concerning stability and site-specifi c targeting (i.e., the liver, lungs, and 
spleen) have to be resolved prior to clinical consideration.   

16.1.5     Magnetic Particles in Biotechnology 

 One important nanotechnological pathway that has shown great promise in current 
state-of-the-art studies includes nanostructured magnetic materials. The synthesis 
and investigation of magnetic properties of these materials present interest from both 
a fundamental and  technological   point of view. The use of magnetic nanoparticles in 
a wide range of fi elds from biology to data storage has been explored. For example, 
control over the particle size, shape, composition, and surface chemistry is crucial in 
achieving the desired properties for biomedical applications. Furthermore, utilizing 
particles with ambient temperature superparamagnetic behavior (no remanence, 
fast changing magnetic state) is preferential. These nanosystems can apply heat, 
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thus giving them potential uses as hyperthermia agents, as delivery vessels for toxic 
level of thermal energy to tumors, or as enhancing agents for cancer therapeutics 
(e.g., chemotherapy, radiotherapy) where moderate heat application results in better 
cell destruction [ 41 ,  42 ]. Moreover, interesting properties abound in magnetic nano-
materials with examples being huge magnetoresistance or an extremely large mag-
neto-caloric effect. Then, there are an obvious interest and a permanent effort placed 
on studying magnetic nanoparticles with improved properties and their applications 
in many fi elds of activity, especially in biomedical domain, the highest priority fi eld. 
Superparamagnetic iron oxide nanoparticles, sized between 10 and 100 nm, were 
used in a wide range of preclinical and clinical therapies, especially due to their bio-
degradable and biocompatible nature [ 43 ,  44 ].  Iron oxide   is usually prepared by the 
coprecipitation of Fe 2+  and Fe 3+  salts in an aqueous solution (the effect is less toxic), 
resulting in a magnetic core of magnetite (Fe 3 O 4 ), maghemite (γ-Fe 2 O 3 ), or a mixture 
of the two. The nanosize of the obtained particles is determined by the anionic salt 
content, the Fe 2+  and Fe 3+  ratio, pH, and the ionic strength in the aqueous solution. In 
the preparation process, it is important to prevent the oxidation of the nanoparticles 
and protect their magnetic properties by carrying on the reaction under inert gas, 
either nitrogen or argon [ 45 ]. The materials used for coating the magnetic core are 
added during the coprecipitation method in order to prevent the agglomeration of the 
formed nanoparticles into microparticles [ 46 ]. From the coating materials that use 
stabilizing iron oxide nanoparticles, the most employed are polyethylene glycol, dex-
tran, polyvinylpyrrolidone, polypeptides, and gelatin [ 44 ,  47 ]. The choice of the coat-
ings is very important for controlling material size and for making them suitable for 
clinical applications.  Superparamagnetism  , the special property of these particles, is 
characterized by the special feature of each particle to be small enough to not have a 
measurable permanent dipole moment in the absence of external magnetic fi eld. At 
the same time, a suspension of nanoparticles presents magnetic susceptibility higher 
than paramagnetic materials, being magnetized by an external magnetic fi eld. As a 
conclusion, superparamagnetic behavior of magnetic nanoparticles is not only due to 
core size effect; it can also depend on surface modifi cation; nanoparticles should be 
properly coated to reduce magnetic dipole–dipole interactions. 

 Literature has reported several methods that suggest a way that therapy can be 
combined with  diagnosis   [ 48 – 50 ]:

 –    Incorporating the therapeutic agents into the polymer coating by covalent or non- 
covalent chemical binding  

 –   Hydrophobic or electrostatic interaction  
 –   Encapsulating the drug molecules    

 The therapeutic agent could be a genetic material such as a small interfering 
RNA or a drug with small molecule (doxorubicin or paclitaxel).  Drug molecules   
bound to magnetic nanoparticles were activated specifi cally in cancer cells by tak-
ing advantage of the pH differences between the intracellular conditions of malig-
nant and nonmalignant cells. Thus, magnetic particles loaded with doxorubicin 
targeted cancerous tumors (especially breast cancer) and were activated in the tumor 
environment, accomplishing a more specifi c treatment for some types of tumors 
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[ 51 ]. Upon uptake of the nanoparticles by the cancer cells, the nanoparticles released 
the drug molecules and killed the tumor cells (Fig.  16.5 ).

   Although these nanoparticles have great potential, there are still some issues that 
need to be resolved before clinical applications begin. First, there is need to have a 
better control over the size and magnetization of the nanoparticles. Second, it is 
imperative to remove any toxicity associated with administration of iron oxide 
nanoparticles where infl ammation, chromosomal damage or condensations, and 
defi ciency in mitochondrial function are some of the common effects reported in 
literature [ 52 ,  53 ]. The  biocompatibility and biosafety   concerns associated with the 
particle usage should be resolved for potential clinical applications. Also, the bio-
availability, as evidenced by maximizing the interaction of the nanoparticles with 
the target tissues and eliminating or minimizing the uptake by other organs, repre-
sents another effect that may have to be studied more detailed. Although the major-
ity of the current studies regarding the application of magnetic nanoparticles in 
cancer biology are at the research stage, fi nding the solutions for the above issues 
will increase the chances for their clinical uses in the near future. 

  Rapid identifi cation   of the detection threshold of some targeted biomolecules 
(DNA, antibodies, metabolites) constitutes a crucial biomedical requirement. Classical 
methods of detection, although improved over the years, still are time- consuming and 
exhibit a high detection threshold. In this context, magnetic methods show some ben-
efi ts in comparison with the classical ones, such as multi-analyte detection which is 
low cost and rapid results. Thus, in recent years, biosensors based on giant magneto-
resistance (GMI) were developed using magnetic particles and magnetic fi elds for 
biomolecule detection [ 54 ,  55 ]. The major advantage of this sensor is represented by 
its ability to process only electronic signals while being extremely sensitive; at the 
same time, the magnetic particles used as markers exhibit superior characteristics 
toward other molecules like radioisotopes, enzymes, or fl uorescent molecules. 

 Magnetic particles are stable and easy t o manipulate and have the ability to be 
used with a large spectrum of molecules; usually, biological samples include no 
magnetic background that could interfere with them. On the other hand, the  biosen-
sor sensitivity   constitutes an important condition in the detection of the low concen-
tration of some biomolecules (i.e., RNA). In this context, new magnetic biosensors 
based on the GMI effect were studied in the magnetic amorphous wire applications 
[ 55 ] (Fig.  16.6 ). Results obtained have shown a very high sensitivity, good thermal 
stability, and a high detection surface of this biosensor, due to its three-dimensional 
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representation. One important condition that makes the GMI-based sensor work as 
biosensor is represented by its functionalization with specifi c bioreceptors. For that, 
the glass-coated amorphous microwire was covered with a polymer, obtaining a 
new giant magnetoimpedance biosensor prototype [ 56 ]. The results obtained 
emphasize the optimal measurement conditions and the infl uence of a liquid sus-
pension of commercially available polymer-based magnetic microparticles on the 
magnetoimpedance response of the array. The study also highlights the excellent 
magnetic detection characteristics of glass-coated microwires array comparatively 
with a single microwire. All of these properties recommend these microwires, 
ordered in an array, to be used as sensing elements in a magnetoimpedance-based 
biosensor for biomolecule detection.

16.1.6        Metallopolymers as New Multifunctional Materials 

 Development of synthetic polymers in the  last   century had changed fundamentally as 
the materials are available in daily life. As materials with advanced properties, poly-
meric materials based on carbon continue to extend their specifi c synthesis methods 
and fast scientifi c evolution at the interfaces with physics, supramolecular chemistry, 
and biology. Metal centers play a major role in solids with 2D and 3D structures and 
in biological macromolecules, providing access to key properties and functions. 
Some examples include magnetic materials used in data storage, superconductors, 
luminescent materials, or biological catalysts like metalloenzymes [ 57 ]. Recent stud-
ies have focused on the recent developments and current trends in this area in terms 
of their properties and applications as multifunctional materials [ 58 – 61 ]. 

  Fig. 16.6    Representation of a GMI-based magnetic biosensor       
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 Macromolecular materials that show a response to external stimuli have been 
studied intensely, the presence of metal centers offering special opportunities in this 
domain. In this context, one can mention sensory materials based on conductivity 
changes or stimuli-responsive materials like thin fi lms, capsules, and microspheres 
with a wide variety of potential applications. Structures that permit the release of 
encapsulated drugs at a specifi c location by an external stimulus represent a crucial 
parameter in nanotechnology, bioengineering, and medicine [ 62 ]. Highly metal-
lized polymers that contain high concentrations of metal centers offer potential as 
precursors to compact arrangements of metal nanoparticles [ 63 ]. Furthermore, 
obtaining synthetic biometallopolymers and metallopolymer-biopolymer conju-
gates that incorporate biological molecules like peptides exhibit access to metal- 
functionalized structures is of great importance. 

 In conclusion, metallopolymers constitute a developing fi eld that exhibit new 
opportunities for exploratory and application research. Thus, the metallopolymer 
fi eld offers many exciting future challenges as well as opportunities, and the scien-
tifi c community can look forward to further developments.  

16.1.7     Biodegradable Polymer Composite Used as Three- 
Dimensional Polymeric Scaffolds 

  Biomaterials have been used intensively in personal care, medicine, and food appli-
cations, with polymers designed as scaffolds for use in tissue engineering and 
regenerative medicine being extensively studied. The areas of active research in 
 tissue   engineering contain:

 –    Biomaterials design  
 –   Incorporation of the desired chemical or physical agents and structural proper-

ties, necessary to guide cell and tissue organization  
 –   Integration of the cell/scaffold  
 –   Enclosing of the cell for transplantation or biomolecules into the biomaterial 

scaffold from the host to promote integration with the tissue after implantation  
 –   Biomolecule delivery  
 –   Inclusion of growth factors, small molecules, or peptides which develop cell 

survival and tissue regeneration    

 The concept of a polymeric scaffold includes a three-dimensional structure and 
a newer injectable material that provides a controlled microenvironment for the 
cells. This microenvironment is composed of cell interactions with other cells, sol-
uble or matrix-bound growth factors, and adhesion molecules, as well as the bioma-
terial itself through mechanical and chemical stimuli [ 64 ]. The future perspective is 
highlighted on the understanding of tissue enough to design a polymeric biomaterial 
with proper properties for in vitro or in vivo applications. Finding the suitable com-
bination of factors and timing is really diffi cult due to the fact that some of those are 
not yet known. Nevertheless, scaffolds are being designed with growth factors, 
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adhesive peptides, and proteins entrapped in the polymeric scaffolds for guiding 
cells. These scaffolds present great potential for in vitro   screening, providing impor-
tant data on cell and tissue response in the future [ 65 ]. 

 To conclude, understanding the cellular microenvironment and incorporating 
this into biomaterials design strategies represent an important aim of future research. 
At the same time, science and engineering must cooperate to defi ne the cellular 
microenvironment and subsequently to use this information to engineer the tissue 
scaffolds. Certainly, the vastness and complexity of this fi eld require a multidisci-
plinary collaboration in order to achieve the desired goal s.   

16.2     Conclusion 

 Most strategies for conjugating particle surfaces with different agents produce effi -
cient biomedical diagnosis agents and platforms for engineering of multifunctional 
materials devices. The chapter focused on the multicomponent systems used for 
complex needs, with special properties derived from interactions between the system 
constituents. The implementation of multifunctional materials in targeted delivery 
system that simultaneously perform diagnostics, targeted delivery, and effi cient ther-
apy is also summarized. Multifunctional materials are functionalized with amphiphi-
lic polymer or silica to transform particles soluble in water suitable with biomedical 
applications. In this context, bioconjugated particles (particles conjugated with anti-
body, protein or peptide) exhibit properties for using as functional probes for imag-
ing and also as anticancer drug delivery vehicle under an external magnetic fi eld. 
However, there are technological and scientifi c challenges that still have to be over-
come so as to better fulfi ll the demands necessary to more accurately mimic the 
in vivo environment. By optimizing the complex parameters discussed above, drug 
delivery systems and tissue engineering based on multifunctional biomaterials will 
act as future therapeutic alternatives to the classical medical methods. Future direc-
tions of study should exploit the latest discoveries recorded in biomedical fi elds.     
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Chapter 17
Nanocomposite Polymeric-Based Coatings: 
From Mathematical Modeling to Experimental 
Insights for Adapting Microstructure to High- 
Tech Requirements

Andreea Irina Barzic

Abstract Nanocomposite polymeric-based coatings have been widely investigated 

owing to their high performance and physical properties that can be easily con-

trolled through various factors. The performance of such systems is determined not 

only by the characteristics of the polymers or nanofiller but also by the interactions 

occurring between them. For understanding the improvement routes of their proper-

ties, a short classification of the polymer nanocomposites highlighting the impor-

tance of the shape, size, distribution, and origin of the nanofiller is presented. A 

review of the investigation methods of the microstructure evaluation, starting from 

solution phase to solid coatings, is performed. These techniques include rheology, 

UV-VIS spectroscopy, microscopic techniques, electron tomography, X-ray diffrac-

tion, mechanical tests, permeability measurements, and advanced thermal analysis. 

In addition to experimental evaluation tools, synthesis for the mathematical models 

developed for their electrical, thermal, and dielectric properties is presented. The 

current trends in obtaining intelligent polymer composites (thermo-sensitive, pH- 

responsive, and other responsive stimuli) for various applications are also reviewed.

Keywords

17.1  Introduction

Nanocomposite polymeric-based coatings represent an alternative to current poly-

mer materials owing to their ease of processing and their tunable physical properties 

[1]. Recent trends in industrial sectors or in biomedical fields are focused in enhanc-

ing the current performance of the nanocomposites and to render upon them an 

intelligent behavior [2]. In this context, it seems that aside from choosing the proper 
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system components, one should carefully examine the microstructure, which deter-

mines the interactions between the phases [3]. The nanofiller’s properties and level 

of dispersion dictate the performance of the composite. For example, in some 

instances, controlled particle aggregation is needed to produce a percolating system 

while other circumstances may need a dispersion that is totally homogeneous [4]. 

The formation of a pseudo-solid-like network of nanoparticles inside the macromo-

lecular chains enhances the interactions between the phases. This leads to a signifi-

cant increase of some important physical properties by creating additional 

conduction paths in the nanocomposite. Other approaches are directed to various 

functionalization routes [5] of the nanoparticles inserted into the polymer matrix in 

order to reduce thermal barriers or the loss of the polarization.

There have been multiple methodologies used to ascertain the variation in the 

microstructure of a nanocomposite when it is exposed to many different types of 

solvent [6,7]. Rheology is a type of analysis that is sensitive to the polymer matrix’s 

filler dispersity [8]. These characterization techniques are critical in determining the 

viscoelastic behavior of nanocomposites and are relevant for both processing and 

research purposes when investigating the materials’ dynamic properties and archi-

tecture. However, in many cases the theoretical assessment of the materials’ proper-

ties must be performed prior to their preparation and processing since it would 

provide a deeper understanding of the nanocomposite modeling [9]. This motivates 

scientists to focus on the development of several mathematical approaches that 

describe the electric or thermal behavior of the nanocomposite [9–11]. Unfortunately, 

there are few of them that take into consideration the state of dispersion and/or the 

shape of the nanofiller.

Taking into consideration the actual state of research in the field of reinforced 

materials, a short classification of the polymer nanocomposites highlighting the 

importance of the shape, size, distribution, and origin of the nanofiller is constructed, 

followed by a review of mathematical approaches used for predetermination of the 

physical properties. The main methods used in analysis of the reinforced polymer 

microstructure changes are described. The current state of affairs regarding intelli-

gent polymer composites is also presented.

17.2  Classification of Polymer Nanocomposites

A polymer nanocomposite is constituted from a continuous phase, namely, the poly-

mer matrix, in which it is introduced the disperse phase [12]. The reinforcement 

phase is represented by nanoscale compounds with properties dependent on their 

-

eral criteria:

Based on the origin of both phases, one can distinguish natural and synthetic 

polymer nanocomposites. Starting from the matrix properties, polymer compos-

ites can be divided into thermoplastic, thermo-resistant, and elastomeric. They 
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can be also divided on the basis of matrix, that is, a non-biodegradable matrix 

and biodegradable matrix. Bio-based composites made from natural/biofiber and 

biodegradable polymers are known as green composites.

The classifications according to the shape of the nanofiller are particulate com-

posites (composed of particles that have sphericity factor ≤1), fibrous compos-

ites (composed of fibers), and tubular composites (composed of tubes).

The manner in which the nanofiller is distributed inside the continuous phase 

leads to layered and dispersed nanocomposites. In case of nanotubes or nanofi-

bers, the distribution of such fillers can be isotropic or anisotropic.

Depending on the chemical nature of the reinforcement agent, the polymer nano-

composites can be classified into metallic, ceramic, and carbon-based categories. 

The reinforcement of a polymer with metallic particles (like gold, silver, copper, 

aluminum) leads to the enhancement of the electric and thermal conductivity. 

This also generates an increase in material density that limits the requirements 

boron nitride, silicon carbide, or beryllium oxide, are widely inserted into poly-

mers in order to increase their thermal conduction ability. In addition, some 

ceramic nanoparticles, like barium titanate, lead to the increase of the dielectric 

black carbon, fullerene, graphene, and carbon nanotubes are widely used as rein-

forcement agents.

The classification criteria of polymer nanocomposites are displayed in Fig. 17.1.

Fig. 17.1 General classification of polymer nanocomposites
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17.3  Mathematical Models for Prediction of Nanocomposite 
Properties

The properties of the composite material can be determined in the incipient stage 

with mathematical models. Newly developed models have proved to be very help-

ful, leading to results close to the experimental data. Various approaches have been 

proposed for the evaluation of electrical, thermal, and dielectric properties. Few 

models take into consideration the filler geometry, distribution, and the contact 

between the filler and matrix.

17.3.1  Models for Thermal Conductivity

The Maxwell–Eucken model [13] is made for spherical nanoparticles that are ran-

domly distributed in the homogenous matrix and it presumes no interactions among 

the reinforcement agent:
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where km, kp, and kc are the thermal conductivity of the matrix, nanoparticle, and 

composites, respectively, and Φp is the volume fraction of the filler.

The Fricke model [14] proposes a relation for thermal conductivity for the case 

where the nanofillers have an ellipsoidal shape and are randomly distributed in the 

polymer:
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where F is the ratio between the temperature gradients of phases.

The Lewis–Nielsen model [15] combines the effect of filler shape and 

orientation:
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where the constant A KE= -1  reflects the effect of the particle shape and orienta-

tion, KE is Einstein coefficient, B k k k k Ap m p m= -( ) +( )/ / /1 , and 

y j j j= + × -( )éë ùû1 1 2
m m/ .

The Springer–Tsai model [16] assumes a quadratic distribution of cylindrical 

particles in the matrix:

A.I. Barzic



359

 

k k
B

B
c m

p

p

p

p
B B

= - + -
- ( )

- ( )
+

æ

è

ç
çç

ö

ø

÷
÷

-1 2
1 4

1

1

12

1

2j

p
p

j p

j p

j p/
tan

/

/ ÷÷

æ

è

ç
ç
ç

ö

ø

÷
÷
÷

é

ë

ê
ê
ê

ù

û

ú
ú
ú

 

(17.4)

where B k km p= ( ) -( )2 1/ .

The Nan model [17] introduces the Kapitza resistance (ak) for polymers contain-

ing particles with random shape. This approach is used for determining the effect of 

filler shape, size, orientation, and interfacial thermal resistance of polymer 

nanocomposites:
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while d and l are the diameter and length of the nanofiller.

The Vysotsky model [18] starts with the observation that reinforced polymers 

present a percolation network. Thus, the critical volume fraction corresponding to 

the occurrence of the percolation processes was introduced in calculation of thermal 

conductivity:
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where n is the percolation network exponent that depends on several factors includ-

ing shape size and distribution of nanoparticles and kpercol and Φpercol are the thermal 

conductivity and filler volume fraction at the percolation threshold.

The Barzic model [10] modifies the Vysotsky approach by considering the ther-

mal properties of the matrix, the shape of the filler, and the percolation effect:
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where f is the factor of the particle shape, defined as f = 3 /y  (the sphericity is 
y £ 1 ).

17.3.2  Models for Dielectric Constant

The Bottcher model [19] approximates the binary system as being composed of repeti-

tive unitary cells composed of a matrix with spherical inclusions placed in the center:
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where εc, εp, and εm represent the dielectric constants of the nanocomposite, nano-

filler, and matrix, respectively.

The Lichtenecker model [20] removes the inconvenience that is related to the 

particle shape and defines the dielectric constant of the nanocomposite as being a 

power law expression:
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where β is a non-dimensional parameter related to the shape and orientation of 

nanofiller:
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where a and b are the axial dimensions of the nanoparticles; when a=b the filler 

presents spherical shape and β = 1/3.

The Giordano model [21] is fitted for fillers with ellipsoidal shape that are 

aligned or randomly dispersed in the matrix:
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The Yamada model [22] contains parameters that reflect the filler’s morphology:
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where n is the morphological fitting constant corresponding to the ellipsoidal shape 

of the particle and its orientation in regard to the nanocomposite film surface.

17.3.3  Models for Electrical Conductivity

The Kirkpatrick model [23] allows the evaluation of electrical conductivity in direct 

current starting from the assumption that the nanoparticles are in contact with one 

another inside the polymer:
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where σc and σp are electrical conductivities of nanocomposite and nanofiller, φp,percol 

is the volume fraction of the percolation threshold, and b is an exponent reflecting 

the type of spatial dimension.

The Mamunya model [24] includes the surface energy of the polymer and filler 

(and its aspect ratio, AR) but also the percolation effect:
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whereas γmp is the interfacial tension of polymer filler and F is packing factor.

The Maxwell–Wagner model [25] assumes that the composite microstructure is 

composed of conducting spheres covered with a dielectric component leading to 

two arcs in the plot of complex impedance:
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17.4  Methods for Microstructure Evaluation

The manner in which the nanofillers are distributed into the polymer matrix affects 

the nanocomposite properties. For this reason many characterization methods have 

been used for evaluation of the microstructure changes of the polymer upon adding 

nanoparticles. Estimation of the nanofiller dispersion degree is usually done by 

microscopic or analytical means but cannot provide a detailed, in-depth morphologi-

cal and structural characterization. By incorporating many laboratory analyses, the 

data that is generated makes up for the shortcomings of any one analysis on its own.

17.4.1  Rheology

This method is very efficient for nanocomposite solutions that are very sensitive to the 

filler dispersion in the matrix. Kotsilkova [8] developed a complex rheological 

approach for optimization of nanocomposite technology by rapid control of the three 

most important effects: nanofiller dispersion, formation of the 3D structure of nanopar-

ticles, and polymer–filler interactions. This approach relies on routine rheological 
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experiments and modeling, and it is focused on the control of both technology and 

formulation of nanocomposites with either thermoset or thermoplastic polymers.

The proposed rheological approach [8] is based on three methods for the charac-

terization of polymer nanocomposites: method I that compares the degree of nano-

filler dispersion, method II that quantifies the nanofiller superstructure of 

nanocomposites, and method III that assesses the polymer–nanofiller interactions. 

Figure 17.2 displays the main rheological approaches used for polymer nanocom-

posite characterization. These characterization techniques are critical in determin-

ing the viscoelastic behavior of nanocomposites and are relevant for both processing 

and research purposes when investigating the materials’ dynamic properties and 

architecture. Viscosity gains are observed when there is an intense interaction 

between the polymer and the particles, leading to the creation of a pseudo-solid-like 

network. The “rheological percolation” transition is the abrupt alteration of rheo-

logical properties, which has been investigated for multiple kinds of nanofiller sus-

pensions based on low viscous solvents.

It is easy to control the degree of nanofiller dispersion in polymer matrices by 

using experimental data from low-amplitude oscillatory shear and steady-state shear 

flow. It is assumed that, if the reinforcement degree and other variables are maintained 

constant, the primary factor determining the rheological response of nanocomposites 

at low deformation rates will be nanoparticle dispersion. The method determines two 

rheological parameters, which are essential to quantify the dispersion quality of nano-

composites [8,10]: terminal zone slopes of the dynamic storage and loss moduli (m 

and n) and the shear thinning exponent (n, flow index). However, in order to achieve 

meaningful data, the comparison samples need to be comprised of a constant nano-

filler concentration, because both shear thinning and terminal regime behavior are 

pristine polymer must be investigated to be used as a reference.

Fig. 17.2 Scheme of the three rheological approaches for polymer nanocomposite 

characterization
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17.4.2  UV-VIS Spectroscopy

UV-VIS spectrometry is an efficient tool for the characterization of polymer nano-

composites [7,26,27]. This method is particularly useful for polymers reinforced 

with metal nanoparticles. The formation of a nano-metal from its precursor can be 

-

ticles present a unique characteristic spectrum of individual metals. For instance, 

the occurrence of silver nanoparticles in a polymer is noticed in UV-VIS absorption 

data. There is no absorption peak in UV-VIS spectrum for Ag+ solution in a polymer 

prior to reduction. The lack of an Ag+ peak might be due to its d10 configuration. The 

absorption spectra of Ag/polymer nanocomposite at various reinforcement percents 

are generally represented in Fig. 17.3, with a peak at around 400–410 nm that is 

characteristic to silver surface plasmon resonance.

The plasmon absorption peak shifts to higher wavelengths with the increase of 

filler aggregation (as the reinforcement amount is higher). The sharpness of the 

peaks is a good indication of the narrow size distribution of the metal nanofiller.

17.4.3  Microscopic Techniques

-

and sometimes provides information on crystallography and composition. The 

-

persion, as well as to examine the surface for filler pullout, possibly giving insight 

into the strength of interfacial adhesion [28

resolve the degree of exfoliation of the platelets and is therefore best utilized as a 
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Fig. 17.3 General UV-VIS spectra of Ag/polymer nanocomposites
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reinforced polymers providing data about the size, shape, and distribution of the 

system components at the atomic scale [6

of the changes in the internal structure of the polymer during reinforcement. The 

nanoparticles is useful in explaining their distribution in the matrix under fixed pro-

cessing conditions.

17.4.4  Electron Tomography

In order to obtain a comprehensive 3-D structure map of subcellular macromolecu-

lar systems, scientists employ electron tomography (ET). By utilizing a transmis-

sion electron microscope, ET collects data and acts as an extension to conventional 

-

posite medium at incremental degrees of rotation around the center of the target 

sample. This information is collected and used to construct a 3-D image of the tar-

-

ining polymers that are reinforced with nanometric particles [7].

17.4.5  X-Ray-Based Methods

X-ray diffraction (XRD) can only provide the distribution of basal spacing (layer-

layer distances within parallel stacked clusters) [29,30]. In case of polymer/layered 

nanofiller composites, XRD will not show a peak in the overall diffraction diagram 

-

guished at a lower angle compared to the pure nanofiller for intercalated or partially 

exfoliated nanocomposites. For immiscible composites the original peaks of filler 

layers are retained completely in the composite. There are two types of X-ray dif-

fraction depending on the angle scanned by the diffracted ray: wide-angle X-ray 

scattering (WAXS) [31], for which 0° < 2θ < 90°, and small-angle X-ray scattering 

(SAXS) [29] for which the experiments are performed at an angle up to 2 or 5°. The 

first technique gives information on the degree of crystallinity, orientation/perfec-

tion of crystalline region, and nature of the ordering. SAXS reveals data about the 

dimensions of the tiny crystalline region. SAXS can give additional parameters, 

such as mean number of layers per stack and “projected” lateral dimension of lay-

ers. WAXS can more rapidly give insight into the state of dispersion over a larger 

volume of composite. Given the fact that the scattering intensity varies with the 

concentration of the scattering feature, some morphological information might be 

missed. Immiscibility of the phases and/or insufficient exfoliation of the filler prior 

to mixing with the polymer can result in large agglomerates consisting of stacked 
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platelets leading to a diffraction peak corresponding to the interlayer spacing of the 

filler. An exfoliated morphology of reinforcement agent is desired as it provides 

higher aspect ratio platelets relative to stacked or intercalated platelets. This state of 

dispersion is reflected by a scattering profile corresponding to that of the neat matrix 

polymer. Even so the multilayer intercalated platelets could actually be dispersed 

spatial resolution X-ray ultramicroscopy was developed [32] to provide 2-D and 

3-D information on filler distribution in polymer composites.

17.4.6  Mechanical Tests

The flexural modulus’ dependence on reinforcement amount can give valuable 

information on the dispersion degree of the inserted particles in the polymer. In 

most cases the flexural modulus of nanocomposites is enhanced relative to the 

matrix and the modulus increases by decreasing the processing temperature. 

33] correlated the flexural modulus to the degree of 

nanofiller dispersion by interlacing the equation for the isotropic composites’ 

modulus with the Halpin–Tsai equation. An increased efficiency of nanofiller dis-

persion in the polymer matrix can be achieved when the processing temperature 

decreases in response to an increase in the mechanically analyzed calculated val-

ues for the AR.

17.4.7  Permeability Measurements

-

33,34]. They considered 

the preparation of a poly(ethylene terephthalate) (PETg) amorphous matrix and 

model nanocomposite. The resulting systems were gathered via melt mixing (batch 

again the obtained experimental data in an attempt to correlate process parameter 

with dispersion degree, characterized as the average AR lamellar nanofiller stacks. 

permeabilities were determined. The AR (i.e., between lamellar stacks, thickness 

and width) obtained from permeability data was compared against data gathered 

from randomly oriented nanoparticles with the Bharadwaj equation [35]. The shape 

and content of the reinforcing particles affect the permeability of nanocomposites 

with gases and vapors. Upon addition of the nanofiller, the permeability of the 

matrix decreases. Permeability measurements lead to an AR in good agreement 

with the values determined from mechanical and rheological properties.
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17.4.8  Thermal Analysis

A newly developed thermal analysis methodology that can be applied for quantifying 

the degree of nanofiller dispersion throughout the polymeric matrix was developed 

36]. They applied this approach to poly(3-caprolactone) 

-

quioxane (POSS) nano-cages. During quasi-isothermal crystallization experiments, 

melting and crystallization on the timescale of the imposed temperature modulation. 

-

fillers (particularly when they display a high aspect ratio). This effect was ascribed to 

the occurrence of morphological modifications generated by the incorporation of the 

-

cantly affecting the amount and the nature of the crystalline/amorphous contact sur-

face within the matrix. It was furthermore revealed that this method can also be used 

of the crystalline morphology being a direct consequence of the amount of matrix/

filler interface.

17.5  Current Trends in Intelligent Polymer Composites

17.5.1  Thermosensitive Nanocomposites

Introduction of superparamagnetic Fe3O4 particles in negative temperature-sensitive 

poly(N-isopropylacrylamide) leads to the creation of intelligent hydrogels compos-

ites. The systems were characterized for temperature-responsive swelling, remote 

heating in the presence of an alternating magnetic field, and remote-controlled drug 

delivery applications. The rise in temperature from an external alternating magnetic 

field depends on the Fe3O4 filler loading. The remote-controlled drug release 

revealed reduced release in the presence of an alternating magnetic field [37].

Thermally responsive polymer-metal nanocomposites are composed of a gold 

nanoparticle core and thermally responsive interpenetrating polymer network (IPN) 

shell, with functionalized surface [38]. Gold nanoparticles were encapsulated 

inside of a polyacrylamide (PAAm)/poly (acrylic acid) (PAA) IPN shell by in situ 

inverse emulsion polymerization. The surface of the nanocomposite was modified 

via covalent grafting of a linear methoxy-poly(ethylene glycol)-hydroxysuccin-

imide to the primary amine groups of the PAAm network. Dynamic light scattering 

was used to prove that these IPN nanospheres exhibit a positive and sharp sigmoi-

dal swelling response with increases in temperature. Thus, the swelling and the 

therapeutic release of the nanocomposites can be controlled externally using non-

invasive laser heating of the gold nanoparticles of these systems, making them an 

externally triggered intelligent therapeutic system [38].
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pre-deformed at high temperatures, cooled to lower ones, and reheated. The thermo-

epoxy matrix leads to thermomechanical behavior in three-point flexure [39]. These 

higher recovery forces as compared to the matrix. Pre-deformation above the glass 

transition temperature, Tg, the stress–strain response at the pre-deformation tem-

perature governs the relationship between the recovery stress/strain and the corre-

sponding constraining strain/stress, while below Tg, the opposite process occurs. 

Rather, a peak recovery stress, that is, smaller than the pre-deformation stress, is 

formed at a temperature close to the Tg [39].

17.5.2  pH-Responsive Nanocomposites

The pH-responsive nanocomposites based on poly(4-vinylpyridine) (PVP) brush 

grafted gold nanoparticles were proven to have two-stage change in their hydrody-

namic size. The surface plasmon resonance (SPR) response revealed that the gold/

PVP nanocomposites have a two-stage response to the pH change that is ascribed to 

the polymer collapse and to the particle agglomeration. This type of intelligent 

polymer shell/inorganic core nanocomposites can be considered as building blocks 

for the fabrication of 2-D/3-D smart nanomaterials, which could be useful for the 

construction of biosensors [40].

-

capsule after cross-linking the polymer brushes and etching out the gold cores, as 

(diethylamino)ethyl methacrylate) and poly(methoxyl oligo(ethylene glycol) meth-

acrylate). This type of uniform capsule resulted from gold nanoparticle templates 

having high pH sensitivity. The capsule hydrodynamic radius (Rh) can alter their 

size as the environmental pH changes [41–43].

17.5.3  Other Stimuli-Responsive Polymer Nanocomposites

Photosensitive polymers are widely used for the preparation of intelligent nanocom-

posites. Photodeformability of such materials relies on the following mechanisms: 

photoisomerizable molecules, photoreactive molecules, and reversible photoin-

-

ration [44,45], morphing skins of aircrafts [46], and remotely triggered drug delivery 

systems [44].
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Magnetic-active reinforced polymers respond to variation of the localized 

magnetic field via the magnetic-active effect. Gels and elastomers are loaded with 

magnetic particle, known as magnetoelastic or magnetostrictive polymeric com-

posites, in order to create these systems [47]. These systems can be categorized as 

either magnetic-active elastomers or polymeric gels, depending mainly upon their 

using a range of iron, iron–cobalt, and iron–manganese nanoparticles is widely 

studied. Remote actuation occurs by applying electromagnetic or magnetostatic 

fields. Burke et al. [48] reported nanocomposites with a metallic iron core and the 

particle shells derived from the polymeric dispersant bonded to the core. The 

nanocomposites display room-temperature magnetic behavior ranging from 

superparamagnetic to ferromagnetic. The saturation magnetization and coercivity 

were found to depend on the diameter of the iron core.

Electrical active systems refer to actuator-hybrid materials that deform when 

and implementation of ionic polymer–metal composites. These composites are typi-

cally made up of an ion exchange polymer that has had a conductive medium (plati-

num or gold) implanted at a depth of several microns within the matrix’s surface. 

Ion exchange polymers that are most frequently used are perfluorinated alkenes and 

styrene–divinylbenzene copolymers since they have the ability to exchange envi-

ronmental ions with their own [49–51]. The side chains are terminated by specific 

groups that allow cation exchange (sulfonate or carboxylate) or anion exchange 

(ammonium cations). Thus, these systems can interact with specific solvents pro-

ducing the electro-active effect. The cations that can be utilized to accomplish this 
+, Na+, K+, Rb+ + in addition to alkyl- 

ammonium cations, tetramethyl and tetrabutyl ammonium. From this viewpoint, an 

investigation into the triggering properties of single-walled carbon nanotubes 

52,53]. These electrostatics 

servo motors and on/off switches [54–56].

17.6  Conclusion

Rendering an intelligent behavior to polymer nanocomposites requires a deep 

understanding of the fundamental concepts regarding the preparation and process-

ing routes. It is also important to elucidate the microstructure changes upon rein-

forcement by using complementary characterization techniques. In most cases, after 

selection of the system components, it is useful to apply mathematical models for 

predetermination of their physical properties. The performance of polymer nano-

composites can be enhanced if they can respond in a specific manner to external 

stimuli.

A.I. Barzic



369

References

(advanced composites). Wer De Gruyter, Berlin

Optimization of polymer nanocomposite properties. Wiley, Weinheim

İ -

22:413

Soc 134:7266

-

46:659

45:2897

 8. Kotsilkova R (2007) Thermoset nanocomposites for engineering applications. Smithers 

Weinheim

 10. Barzic RF, Barzic AI, Dumitrascu G (2014) Percolation network formation in poly(4-vinylpyr-

idine)/aluminum nitride nanocomposites: rheological, dielectric, and thermal investigations. 

 11. Barzic RF, Barzic AI, Dumitrascu G (2014) Percolation effects on dielectric properties of 

polystyrene/batio3 nanocomposites. UPB Sci Bull Ser A 76:225

Wiley, Weinheim

 13. Eucken A (1940) Allgemeine gesetzmassigkeiten fur das warmeleitvermfigen verschiedener 

stoffarten und aggregatzustande. Forsch Gebiete Ingenieur 11:6

 14. Fricke H (1924) A mathematical treatment of the electric conductivity and capacity of disperse 

systems i. the electric conductivity of a suspension of homogeneous spheroids. Phys Rev 

24:575

-

late composites with interfacial thermal resistance. J Appl Phys 10:6692

 18. Vysotsky VV, Roldughin VI (1999) Aggregate structure and percolation properties of metal-

 20. Karkkainen KK, Sihvola AH, Nikoskinen KI (2000) Effective permittivity of mixtures: numer-

ical validation by the FDTD method. IEEE Trans Geosci Remote Sens 38:1303

 21. Giordano S (2003) Effective medium theory for dispersions of dielectric ellipsoids. 

J Electrostatics 58:59

polymer composite. J Appl Phys 53:4328

17 Nanocomposite Polymeric-Based Coatings: From Mathematical Modeling…



370

-

ity of polymers filled with metal powders. Eur Polym J 38:1887

the onset of percolation. Phys Rev B 30:3933

macromolecular gradients. Appl Surf Sci 252:2549

New Delhi

-

 30. Žukas T, Jankauskaitė V, Žukienė K, Baltušnikas A (2012) The influence of nanofillers on the 

-

tess. Polymer 52:5

dispersion of nanofillers by mechanical, rheological, and permeability analysis. Polym Eng Sci 

51:1280

dispersion. SPE Plast Res Online. doi:10.1002/spepro003641

-

(2010) Quantifying the degree of nanofiller dispersion by advanced thermal analysis: applica-

20:9531

 37. Satarkar NS, Hilt JZ (2008) Hydrogel nanocomposites as remote controlled biomaterials. Acta 

Biomater 4:11

-

nanocrystals derived from poly{[2-(dimethylamino)ethyl] methacrylate} capping. Angew 

-

 46. Snyder EA, Tong TH (2005) Towards novel light-activated shape memory polymer: thermo-

magnetostrictive fiber actuated viscoelastic polymer matrix composite. J Acoust Soc Am 

112:1928

A.I. Barzic



371

-

actuators based on carbon nanotubes. Nature 424:408

nanotubes. Science 28:60

17 Nanocomposite Polymeric-Based Coatings: From Mathematical Modeling…



373© Springer International Publishing Switzerland 2016 
M. Hosseini, A.S.H. Makhlouf (eds.), Industrial Applications for Intelligent 
Polymers and Coatings, DOI 10.1007/978-3-319-26893-4_18

    Chapter 18   
 Polymer-Based Nanocomposite Coatings 
for Anticorrosion Applications                     

        Mehdi     Honarvar Nazari       and     Xianming     Shi    

    Abstract     The successful use of polymeric coatings for corrosion prevention or 
mitigation is often hindered by their inherently porous microstructure that fails to 
resist the ingress of detrimental species and/or by their vulnerability to damage by 
surface abrasion, wear, or scratches. Incorporation of nanomaterials in polymeric 
coatings can greatly improve their barrier performance. While the last decade has 
seen a substantial amount of research on polymeric nanocomposite coatings, the 
knowledge underlying the critical roles nanomaterials play remains scattered. This 
chapter discusses the utilization of nanotechnology to greatly enhance the proper-
ties of polymer-based coatings for anticorrosion applications, by modifying the 
microstructure of the coating bulk or endowing it with additional functionality. It 
starts with a brief discussion of the relevant knowledge base, including: microstruc-
ture of polymer nanocomposites, infl uence of nanomodifi cation on properties of 
polymeric coatings, fabrication approaches, and the use of polymeric nanocoating 
as a carrier for corrosion inhibitors. It also provides a review of technological 
advances in the use of nanotechnology to produce high-performance polymeric 
coatings with outstanding corrosion resistance and other relevant properties. The 
chapter concludes with a snapshot review of the advanced characterization of nano-
composite coatings for corrosion protection.  
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18.1       Introduction 

 Nanotechnology is one of the best approaches to addressing the technological chal-
lenges in the twenty-fi rst century [ 1 ], especially those related to materials science 
and engineering. Achieving the fundamental understanding of processes and behav-
iors of materials at the nanometer and submicron scales has enabled substantial 
advances in the fi elds of materials design and fabrication. It is also known that 
decreasing the dimensions of materials to the nanometer scale can greatly improve 
their properties. The term “nanomaterials” is attributed to materials that have at 
least one dimension below 100 nm [ 2 ], where their structural defects diminish and 
aspect ratio increases signifi cantly. The increases in  aspect ratio   (Fig.  18.1 ) and 
specifi c surface area lead to enhanced molecular-level interactions at the phase 
interfaces. The synergistic effects of these phenomena may be employed to induce 
signifi cant improvements in physical and mechanical properties of nanocomposite 
materials, even if the nanoparticles are added at a very low volume fraction [ 2 ,  4 ,  5 ].

   Currently there is an urgent need to establish innovative designs for protective 
coating systems that feature both excellent performance and environmental 

  Fig. 18.1    Schematic illustration of the relative size of polymer chains in a composite coating with 
( a ) micron-size materials and ( b ) nanomaterials, which shows a signifi cantly larger chain-particle 
interface area for the polymer-based nanocomposites relative to microcomposites (adapted with 
permission from [ 3 ], Copyright © 2010 Elsevier Inc.)       
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 stewardship. Polymer-based coatings are good candidates as the polymers are 
chromate- free and can have outstanding processability, excellent chemical resis-
tance, and strong adhesion to various metallic substrates. A typical function of poly-
meric coatings is to serve as a physical barrier layer for a metallic substrate and 
block or limit the access of active species from an aggressive environment, thus 
decreasing the corrosion rate of the metal [ 6 ]. Yet, the successful use of polymeric 
coatings for corrosion prevention or mitigation is often hindered by their inherently 
porous microstructure that fails to resist the ingress of detrimental species and/or by 
their vulnerability to damage by surface abrasion, wear, or scratches. 

 Incorporation of nanomaterials in polymeric coatings can greatly improve their 
barrier performance by decreasing the porosity and zigzagging the diffusion path 
for corrosive species such as oxygen and chloride anions (Cl – ) [ 7 ]. The nanosize 
effect enables the use of a much lower volume of nanomaterials for modifying the 
microstructure of polymeric coatings to achieve the same level of protection proper-
ties, relative to the case of using micro-sized or larger particles as fi llers [ 8 ,  9 ]. The 
fabrication of polymer-based nanocomposites is feasible for nearly all polymer 
types, including: thermoplastics which are rigid and meltable (e.g., polyethylene), 
thermosets which are rigid and not meltable (e.g., epoxy), and elastomers which are 
stretchable (e.g., rubber) [ 2 ,  10 ]. Both nonconducting and conducting polymers can 
be employed as a matrix for polymeric nanocomposite coatings. 

 It is cautioned, however, that nanomaterials often serve more than just the role of 
a nanofi ller. While the last decade has seen a substantial amount of research on 
polymeric nanocomposite coatings, the knowledge underlying the critical roles 
nanomaterials play remains scattered. Often, there is a lack of consensus or funda-
mental understanding of the interactions between the incorporated nanomaterials 
and the polymer matrix. Furthermore, how these interactions in both liquid and 
solid phases affect the anticorrosion properties of polymeric coatings needs clarifi -
cation. Further complicating this issue is the recent introduction of intelligent nano-
composite coatings with self-healing properties, featuring the incorporation of 
corrosion-inhibitor-loaded nanocontainers into the polymer matrix. 

 In this context, this chapter aims to synthesize the available information in the 
published domain on polymer-based nanocomposite coatings for anticorrosion 
applications, with a focus on recent advances published in the period of 2005–2015. 
This state-of-the-art review will assist materials scientists, corrosion scientists, 
engineers, and other stakeholders in the design, fabrication, evaluation, and research 
of polymer-based nanocoatings. The following sections will start with a discussion 
of the microstructure of polymer nanocomposites, infl uence of nanomodifi cation on 
the properties of polymeric coatings, and fabrication approaches, followed by a 
high-level overview of the polymeric nanocoatings as carriers for corrosion inhibi-
tors and advanced characterization of nanocomposite coatings for corrosion protec-
tion. The focus of this work will be given to polymer-based coatings loaded with 
nanoparticles as a physical barrier against corrosive species (“ passive protection ”) 
and also intelligent polymer-based coatings incorporated with nanocontainers as 
reservoirs for corrosion inhibitors (“ active protection ”).  
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18.2     Microstructure of Polymer-Based Nanocomposites 

  Nanomaterials with a wide range of shapes and sizes have been employed for fabri-
cation of polymer nanocomposites. The  nanomateria  ls can be divided into four 
main categories, including: zero-dimensional particles which include atomic clus-
ters such as silica, one-dimensional particles such as nanotubes, two-dimensional 
nanolayer-structured materials such as clay platelets, and three-dimensional hybrid 
nanomaterials [ 11 ]. 

 The nanocomposite microstructure can be categorized according to the interac-
tion between the polymer matrix and the added nanomaterial (i.e., phase-separated, 
hybrid-phase, intercalated, and exfoliated composites) [ 12 ]. For instance, when the 
inorganic particles remain as inert fi llers inside the organic polymer bulk, the micro-
structure would be described as phase-separated. This is the typical type of micro-
structure in conventional polymer composites and can also be seen in polymer 
composites with the nanomaterial(s) poorly dispersed. If the nanomaterial is dis-
persed well in the polymer matrix and physically or chemically interacts with the 
polymer chains, the microstructure would be described as a hybrid-phase (organic/
inorganic nanocomposite in some cases). For nanomaterials with platelet structure 
(e.g., nanoclays), once the electrostatic forces of interaction between platelets par-
tially dissipate, a single or sometimes more than one extended polymer chain pen-
etrates between them. This increases the spacing between platelets without changing 
the regular gallery structure, and the microstructure is described as intercalated [ 13 , 
 14 ]. The microstructure is described as exfoliated, when the individual platelets are 
homogenously dispersed in the polymer matrix such that the periodicity of their 
platelet arrangement is completely lost. This phenomenon occurs when the electro-
static forces between the platelets are totally dissolved [ 12 ,  14 ]. Under this condi-
tion, the aspect ratio of the nanomaterial can reach as high as 1000 with a specifi c 
surface area up to 750 m 2 /g [ 15 ]. 

 The morphology of various forms of layered silicate/polymer nanocomposites 
has been obtained by transmission electron microscopy (TEM), as shown in Fig. 
 18.2 , in which the dark lines correspond to the cross section of aluminosilicate 
platelets. Figure  18.2a  displays a phase-separated microstructure for a clay/polymer 
composite, in which the two phases of silicate platelets (fi ller) and polymer matrix 
are not intermixed at all. As such, the performance of this composite would not be 
as desirable as the nanocomposite with better microstructures shown in Fig.  18.2b  
or  18.2c . Figure  18.2b  illustrates the intercalated morphology, where the periodic 
order of the silicate platelets remains intact despite the increase in their spacing 
caused by interlayer diffusion of polymer chains. Figure  18.2c  illustrates an exfoli-
ated morphology of silicate platelets in the polymer matrix, with a uniform distribu-
tion of platelets caused by the complete diffusion of polymer chains. Based on 
fi rst-principles physical approach, there is an energy match between the polymer 
molecules and the surface of the fi ller material in order to receive the required free 
energy for exfoliation [ 16 ]. It is noteworthy that a fully intercalated or exfoliated 
microstructure has been rarely seen and most of the time a mixture of these mor-
phologies has been observed  [ 11 ].
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18.3        Infl uence of Nanomodifi cation on the Properties 
of Polymer Coatings 

 The successful use of polymeric coatings is often hindered by their vulnerability to 
damage by surface abrasion and wear [ 17 ,  18 ]. They may also have poor resistance 
against the initiation and growth of cracks [ 19 ] which can induce localized defects 
in the coating and thus compromise their appearance, mechanical properties, perfor-
mance, and durability. These defects have a detrimental infl uence on the barrier 
properties of the coatings as they can act as pathways facilitating the access of 
aggressive species onto the metallic substrate, resulting in its localized corrosion. 

 The physical barrier performance of polymer coatings can be improved by the 
incorporation of a second phase that is miscible with the polymer, by decreasing the 
 porosity and zigzagging   the diffusion path for deleterious species, as shown in Fig. 
 18.3 . The incorporation of nanomaterials (polyaniline/ferrite, Fe 2 O 3 , halloysite clay, 
etc.) into conventional polymer coatings signifi cantly enhanced the anticorrosive 
performance of such coatings on steel substrates, as shown in Table  18.1 . This table 
presents a variety of polymer nanocomposite barrier coatings and their anticorro-
sion performance for various metallic substrates, along with other characteristics. 

  Fig. 18.2    TEM pictures of the polymer-clay composites showing the three main possible mor-
phologies as a function of platelets distribution: ( a ) phase-separated, ( b ) intercalated, and ( c ) exfo-
liated (reprinted with permission from [ 11 ], Copyright © 2010 John Wiley and Sons Inc.)       

  Fig. 18.3    Zigzagging the 
diffusion path of corrosive 
media due to incorporation 
of nanoplatelets (reprinted 
with permission from [ 20 ], 
Copyright © 2008 Springer 
Inc.)       
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In order to calculate the corrosion inhibition effi ciency ( IE %), the corrosion rate 
( CR ) or the current density ( i  corr ) was typically derived from potentiodynamic polar-
ization curves or from charge transfer resistance ( R  ct ) obtained by electrochemical 
impedance spectroscopy.

    Incorporation of nanomaterials into  polymer matrix   offers environmentally 
benign solutions for enhancing the integrity and durability of coating systems, since 
the nanomaterials dispersed in coatings can fi ll cavities [ 44 – 46 ] and lead to particle 
bridging, crack path defl ection, crack bowing, and crack pining [ 47 ,  48 ], as shown 
schematically in Fig.  18.4 . Nanomaterials can also prevent polymer disaggregation 
during curing, resulting in a more homogenous coating. With their nanosize and 
high surface area, nanomaterials can occupy small pinhole defects formed from 
local shrinkage during the polymer curing and act as a bridge interconnecting more 
molecules. This results in a reduced total free volume as well as an increase in the 
cross-linking density [ 49 ,  50 ]. In general, polymer coatings containing a small 
amount  of   nanomaterials (typically no more than 4 % by weight of polymer) offer 
signifi cant barrier properties for corrosion protection and reduce the likelihood for 
the coating to blister or delaminate [ 18 ,  25 ].

   The  mechanisms   by which nanomaterials affect the molecular dynamics of 
polymer- based composites have been the interest of many researchers [ 51 – 53 ]. 
Ramanathan et al. [ 51 ] studied the mechanical properties and the fracture surfaces 
of poly(methyl methacrylate)-based nanocomposites. These nanocomposites con-
tained either expanded graphite or functionalized graphene sheets with the smallest 
measured thickness of about 0.8 nm by the atomic force microscopy (AFM). The 
nanoscale graphene sheets had a wrinkled topology which could be attributed to 
their extremely small thickness. The fracture surface featured an extensive plastic 
deformation around the graphene sheets, which suggests strong interfaces between 
polymer matrix and graphene sheets. In contrast, there were relatively little plastic 
deformation and low energy absorption before fracture for the samples with 
expanded graphite. Relative to expanded graphite, graphene sheets have better inter-
action with the polymer matrix, which translates to higher Young’s modulus and 
higher tensile strength of graphene/polymer composites. It was concluded that the 
nanoscale size of graphene sheets and their surface roughness played an important 

  Fig. 18.4    Scheme of toughening mechanisms in polymer-based nanocomposite coatings (repro-
duced with permission from [ 47 ], Copyright © 2014 Society of Plastic Engineers)       
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role for the improved mechanical interlocking of nanographene sheets with the 
polymer chains and altered the polymer mobility around them. 

 The  interfacial region   has an important role in the characteristics of polymer- 
based nanocomposites. By defi ning the thickness of the interface between nanoma-
terials and polymer matrix as 1 nm, the volume percent of the interfacial region can 
reach up to 30 % [ 54 ]. Due to their high surface activity, nanomaterials may serve 
as template to guide the curing of monomers and oligomers in close proximity to 
them and lead to formation of better cured polymeric networks in the interfacial 
region. This benefi cial effect could translate to signifi cant improvements in barrier 
and mechanical properties of nanocomposite coatings. 

 Schwenke et al. [ 55 ] simulated the particle−particle interactions of polymer- 
coated nanoparticles at a liquid−liquid interface, using a molecular dynamics model 
considering two immiscible liquids with a diffuse interface between them, and 
nanoparticles with a core−shell confi guration. By comparing the simulated adsorp-
tion energy values with the measured values, the authors suggested that the polymer 
shell around the nanoparticles had a lens shape with the chains extended in the 
interface plane, as shown in Fig.  18.5 . It was found that the  interfacial region   around 
the core−shell nanoparticles is strongly affected by the swelling of the polymers, 
which is dependent on the type of solvent used.

   Rolldughin et al. [ 56 ] modeled the  glass transition temperature   ( T  g ) of 
polystyrene- based nanocomposites incorporating silicasol nanoparticles. Each sili-
casol particle consisted of a silica core and an ethyl phenyl shell. The experimental 

  Fig. 18.5    The profi les of the monomers density around the spherical nanoparticles for different 
monomer–solvent interaction strengths (reprinted with permission from [ 55 ], Copyright © 2014 
American Chemical Society)       
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results indicated both an increase and a decrease in  T  g  after loading silicasol particles 
into the polystyrene matrix. The authors introduced two competing mechanisms in 
which the size of hybrid nanoparticles affects  T  g . First, the organic shell of nanopar-
ticles increases the degrees of freedom and the entropy of the system and thus 
induces a decrease in  T  g . Second, the presence of the silicasol nanoparticles in the 
polymer matrix limits the confi guration states of macromolecules. This leads to a 
decrease in the disorientation entropy and thus induces an increase in  T  g .  

18.4     Fabrication Approaches 

 The most common methods for fabrication of polymer-based nanocomposite coat-
ings include in situ polymerization, solution exfoliation, and melt intercalation. In 
the   in situ   polymerization    method, the nanomaterials are swollen in monomer liquid 
or monomer solution. Low molecular weight of the monomer allows it to effectively 
diffuse between nanomaterial galleries and then polymerize. The polymerization 
can be initiated and controlled by heat, radiation, diffused initiator, pre-intercalated 
organic initiator, etc. The growth of polymer chains between nanomaterials can lead 
to an exfoliated microstructure with a uniform distribution of the nanomaterials. 
The level of nanomaterial swelling and the diffusion rate of monomers are the main 
factors infl uencing the exfoliation procedure [ 57 ]. An incomplete polymerization 
may lead to a heterogeneous polymer microstructure due to localized distribution of 
oligomers. To achieve a high level of nanomaterial exfoliation, precise control of the 
polymerization parameters is required [ 13 ]. In situ polymerization is suitable for the 
preparation of polymer-based nanocomposites containing polymers with limited or 
little solubility, such as nylon 6, epoxy, polyethylene oxide, polystyrene, polyure-
thane, unsaturated polyesters, and polyethylene terephthalate [ 58 ]. 

 In the   “solution exfoliation”     method  , the polymer or prepolymer and the nano-
materials are dissolved in the solvents with same composition. The solvent may be 
water, toluene, chloroform, etc. After swelling the nanomaterials in the solvent, the 
polymer solution is then mixed with the nanomaterial suspension. In this process, 
the polymer chains are absorbed to the nanomaterials by intercalating and displac-
ing the solvent between them. Finally, the remaining solvent is removed through 
vaporization or precipitation. The produced material would be a nanocomposite 
with an exfoliated or intercalated structure depending on the type of organically 
modifi ed nanomaterial [ 59 ,  60 ]. This is a typical method for processing water- 
soluble polymers such as epoxy, polyimide, polyethylene, and polymethylmethac-
rylate [ 58 ,  61 ]. Often, this method is not considered environmentally friendly 
considering the use of large amounts of solvent and therefore cannot be readily 
implemented by industry [ 15 ]. 

 In the   “melt intercalation”     method  , nanoparticles are directly mixed with the 
polymer matrix in their molten state at temperatures above the polymer’s softening 
point. The mixing process can be performed under shear or statically. The rate- 
limiting step of the process is the diffusion of polymer chains into the nanomaterial 
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galleries, which may be accelerated by any tool that can overcome the electrostatic 
forces holding the nanomaterials together. Usually high temperatures and surface 
modifi cation of nanomaterials are the most promising approaches to accelerating 
the process. The use of high temperatures needs to be closely monitored to avoid 
potential thermal degradation of the polymer or undesirable modifi cation on the 
surface of the nanomaterials. It is known that low temperatures can cause slow dif-
fusion of polymer molecules into the galleries [ 13 ,  60 ]. As such, it is crucial to 
choose an optimum temperature in the melt intercalation method in order to pro-
duce a uniformly exfoliated structure. This method is environmentally friendly, as it 
does not require the use of solvent in the fabrication process. In addition, conven-
tional industrial processes such as plastic extrusion and injection molding are com-
patible with this method [ 15 ]. This method is suitable for the fabrication of 
thermoplastic-based nanocomposites containing polymers such as nylon 6, polysty-
rene, and polyethylene [ 12 ,  61 ]. 

  Surface modifi cation   of nanomaterials is often achieved by the use of strong acids 
or alkalis or by using surfactants [ 62 – 64 ]. These are designed to address the polarity 
difference between the nanomaterials and the majority of polymers. To facilitate the 
adsorption of surfactant onto the surface of nanomaterials, sonication is a commonly 
employed technique. The procedure consisted of adding the nanomaterial and sur-
factant into a solvent and then sonicating the mixture [ 65 ]. There is some complexity 
in the process of sonication for nanomaterials with a multilayer structure such as 
multi-walled carbon nanotubes (MWNTs). It has been seen that the outermost tubes 
in a bundle of MWNTs are treated more than the innermost tubes, and as a result, the 
tubes have tendency to be exfoliated from the bundle ends. To isolate the carbon 
nanotubes from the bundles, they must be mechanically exfoliated (e.g., using an 
ultrasonic treatment) in addition to the use of surfactant. It should be mentioned that 
high-power sonication may destroy the carbon nanotubes, and this risk can be miti-
gated by using low power sonication (<10 W). Another parameter which has a con-
siderable effect on the dispersion of nanomaterials is the sonication time. The 
duration of the sonication process should be suffi cient to ensure good dispersion of 
nanomaterials [ 65 ]. In reality, it is diffi cult to obtain a solution with a completely 
distributed orientation of single nanotubes even after tens of hours of sonication. 
Most of the time the produced solution consisted of a solution with dispersed single 
nanotubes and some tube bundles.  Gravity   sedimentation and ultracentrifugation are 
recommended for removal of large and small tube bundles, respectively [ 65 ].  

18.5     Polymeric Nanocoating as Carrier for Corrosion 
Inhibitors 

 The  design and synthesis   of nanostructured materials extend the possibility of engi-
neering intelligent coatings that can be used to release repairing or protective agents 
in a regulated manner, mainly to the corrosion defects and/or damaged zones of the 
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coating once triggered by external stimuli. This design provides an active and 
long- term corrosion protection for the coated metal [ 66 ]. There are two main 
approaches for the implementation of intelligent coatings with self-healing proper-
ties used for anticorrosion applications. The fi rst method features localized repair of 
the damaged coating by controlled release of polymerizable agents, whereas the 
second method entails electrochemical protection of the exposed metallic substrate 
using the corrosion inhibitors stored in the nanocontainers [ 9 ]. The fi rst method 
needs a high volume of monomer(s) reserved, typically within the microcapsules, 
which makes for a serious challenge in ensuring its uniform distribution throughout 
the thickness of the polymer coating [ 67 ]. In comparison, for anticorrosion applica-
tions, the second method has been reported to be easy-to-implement and cost- 
effective, as the nanoscale reservoirs provide uniform and extended release of 
corrosion inhibitors [ 68 ], as schematically shown in Fig.  18.6 .

   The main philosophy behind reserving corrosion inhibitor in nanocontainers 
instead of directly loading it inside the polymer coating is that the  former   approach 
minimizes the risk of early leaching of inhibitor and delivers the inhibitor when 
and where it is needed. In addition, the latter approach runs the risk of having 
undesirable interactions between the corrosion inhibitor and the polymer matrix 
that negatively affect the coating’s performance [ 70 ,  71 ]. The nanomaterials that 
serve as reservoirs for corrosion inhibitors should have certain characteristics, such 
as good mechanical and chemical stability, high compatibility with the polymer 

  Fig. 18.6    A schematic representation of the self-healing effect of nanocontainers loaded with cor-
rosion inhibitor (adapted with permission from [ 69 ], Copyright © 2007 American Chemical 
Society)       
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matrix, and impermeable yet sensitive shell wall which releases the inhibitor only 
on demand [ 67 ]. 

 Generally, three main approaches have been employed for encapsulating cor-
rosion inhibitors inside nanocontainers. The fi rst approach is encapsulation 
using  polymeric layers   or shells through methods such as the layer-by-layer 
(LbL) assembly, coacervation, internal phase separation, and emulsifi cation 
[ 72 ], as shown schematically in Fig.  18.7 . The second approach is encapsulation 
using  inorganic shells   (e.g., SiO 2 ) via a sol–gel route [ 73 ]. The third approach 
entails the use of nanovalves engineered in the opening of nanochannels. The 
 nanovalve   (a metal-inhibitor complex) is formed by a reaction between the 
loaded inhibitor and transition-metal ions [ 74 ,  75 ]. For instance, the nanochan-
neled structures such as halloysite nanoclays and mesoporous silica nanoparti-
cles have been employed as containers for corrosion inhibitors in polymer-based 
anticorrosion coatings. The extended controllable release of corrosion inhibitors 
is achieved by either LbL assembly of polyelectrolytes (Fig.  18.8 ) or by applica-
tion of stoppers at the opening of the channels (Fig.  18.9 ). The latter route entails 
the diffusion of transition-metal ions into the opening of the channels to form 
insoluble metal-inhibitor complexes, which act as stoppers for the trapped inhib-
itor [ 74 – 78 ].

     A variety of other methods have been used for fi lling  nanocapsules  , such as: 
stirring the suspension of capsules and corrosion inhibitors, soaking the nanomate-
rial in inhibitor solution, using vacuum, and LbL deposition [ 72 ]. Furthermore, 

  Fig. 18.7    Schematics of preparation methods for nanocapsules by using polymeric shells (adapted 
with permission from [ 72 ], Copyright © 2013 Springer Inc.)       
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  Fig. 18.8    Schematics of the LbL assembly for halloysite nanocontainers (reprinted with permis-
sion from [ 76 ], Copyright © 2008 American Chemical Society)       

  Fig. 18.9    Schematics of the preparation procedure and the release mechanism in mesoporous 
silica nanoreservoirs using a metal-inhibitor complex as nanovalve with a pH/sulfi de ion triggering 
mechanism (adapted with permission from [ 75 ], Copyright © 2013 John Wiley and Sons Inc.)       
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surface- modifi ed nanocontainers such as mesoporous silica and halloysite nanotubes 
have been employed by some researchers for loading corrosion inhibitors [ 78 – 80 ]. 
The triggering mechanisms for the release of the reserved corrosion inhibitors 
range from desorption-controlled release, pH-controlled release, ion-exchange 
control of release, release under mechanical rupture [ 81 ], to  t  emperature-controlled 
release [ 78 ]. 

 Layered double hydroxide ( LDH  )    is another emerging method for reserving 
the corrosion inhibitors, which cannot be considered as an encapsulating method. 
The LDH nanocontainers prepared by this method offer a good corrosion protec-
tion at the early stages of corrosion because of their fast ion-exchange nature. In 
comparison, the encapsulated nanoreservoirs offer good protection only when the 
corrosion is about to start or has already started, in light of their pH-controlled 
slow release [ 9 ,  79 ]. LDH can be used for the storage and release of anionic cor-
rosion inhibitors, as well as entrapment for the corrosive species such as chloride 
ions [ 81 ]. 

 Table  18.2  presents a variety of polymer nanocomposite intelligent coatings 
loaded with corrosion inhibitors and their corrosion performance for various metal-
lic substrates, along with other characteristics. The methods for calculating the cor-
rosion inhibition effi ciency are the same as those used for Table  18.1 .

18.6        Advanced Characterization of Nanocomposite Coatings 
for Corrosion Protection 

 This section will provide a high-level overview of some of the advanced character-
ization tools employed to study the microstructure, behavior, and properties of 
nanocomposite coatings for corrosion protection. For instance, surface analysis 
methods are often employed for nanoidentifi cation of composite microstructures. 
Among them,  TEM   is the best one that provides a clear view of the microstructure. 
For instance, TEM images from halloysite nanotubes prior to loading with inhibitor 
(Fig.  18.10 ) demonstrated that they have an outer diameter of 50 ± 5 nm and an inner 
lumen diameter of 15–20 nm with a constant thickness throughout the cut sample. 
The length size of halloysite particles has been reported within 1–15 μm [ 77 ]. 
 Scanning electron microscopy (SEM)   is another technique used by many research-
ers [ 44 ,  48 ] for studying the morphology and thickness of polymer-based nanocom-
posite coatings. SEM can be coupled with energy X-ray dispersion spectroscopy 
(EDS) for determining the elemental distribution in the heterogeneous coating 
matrix. Figure  18.11  presents the morphology and elemental analysis of nanoscale 
CeMO containers prior to loading with inhibitor. The  SEM   results illustrate that the 
 synthesized   CeMO nanoparticles have a spherical shape and the EDS results reveal 
that they consist of cerium, molybdenum, and oxygen which confi rm the formation 
of CeMO layer on the organic core. The observed carbon peak in the EDS data 
could be attributed to the organic core. Kartsonakis et al. [ 85 ] doped these 

M. Honarvar Nazari and X. Shi



389

   Ta
bl

e 
18

.2
  

  So
m

e 
re

ce
nt

ly
 d

ev
el

op
ed

 p
ol

ym
er

-b
as

ed
 i

nt
el

lig
en

t 
co

at
in

gs
 i

nc
or

po
ra

tin
g 

in
hi

bi
to

r-
lo

ad
ed

 n
an

om
at

er
ia

ls
 a

nd
 t

he
ir

 p
ro

pe
rt

ie
s 

an
d 

ot
he

r 
ch

ar
ac

te
ri

st
ic

s   

 M
et

al
 

su
bs

tr
at

e 
 C

oa
tin

g 
 N

an
om

at
er

ia
l 

 A
ct

iv
e 

ag
en

t 
 T

ri
gg

er
in

g 
m

ec
ha

ni
sm

 

 C
al

cu
la

te
d 

co
rr

os
io

n 
in

hi
bi

tio
n 

ef
fi c

ie
nc

y 

 Pr
op

er
tie

s 
ot

he
r 

th
an

 c
or

ro
si

on
 

re
si

st
an

ce
 a

nd
 m

ec
ha

ni
sm

s 
of

 
pr

ot
ec

tio
n 

in
 a

dd
iti

on
 to

 p
hy

si
ca

l 
ba

rr
ie

r 
an

d 
co

rr
os

io
n 

in
hi

bi
to

r 
 R

ef
 

 St
ee

l 
 A

cr
yl

ic
 r

es
in

 
 A

g/
Si

O
 2  w

ith
 a

 
co

re
–s

he
ll 

st
ru

ct
ur

e 

 A
g 

 n.
d.

 
 n.

d.
 

 T
hi

s 
co

at
in

g 
is

 a
nt

ib
ac

te
ri

al
 a

nd
 

is
 a

bl
e 

to
 o

ff
er

 lo
ng

-t
er

m
 

pr
ot

ec
tio

n 
in

 m
ar

in
e 

en
vi

ro
nm

en
t 

 [ 7
3 ]

 

 G
al

va
ni

ze
d 

st
ee

l 
 E

po
xy

 r
es

in
 

 L
ay

er
ed

 
do

ub
le

 
hy

dr
ox

id
es

 a
nd

 
ce

ri
um

 
m

ol
yb

da
te

 

 2-
M

er
ca

pt
ob

en
zo

th
ia

zo
le

 
 n.

d.
 

 n.
d.

 
 C

er
iu

m
 m

ol
yb

da
te

 r
ed

uc
ed

 th
e 

ba
rr

ie
r 

pr
op

er
tie

s.
 E

ar
ly

 a
nd

 
lo

ng
-t

er
m

 c
or

ro
si

on
 in

hi
bi

tio
n 

 [ 8
2 ]

 

 St
ee

l 
 Po

ly
es

te
r 

 M
es

op
or

ou
s 

si
lic

a 
 B

en
zo

tr
ia

zo
le

 a
nd

 
be

nz
al

ko
ni

um
 c

hl
or

id
e 

 pH
/s

ul
fi d

e 
io

n 
 n.

d.
 

 B
en

za
lk

on
iu

m
 c

hl
or

id
e 

is
 a

 
bi

oc
id

e,
 a

nd
 th

e 
co

at
in

g 
th

us
 

pr
ov

id
es

 a
n 

an
tif

ou
lin

g 
ef

fe
ct

 

 [ 7
5 ]

 

 St
ee

l 
 Po

ly
ur

et
ha

ne
 

 Po
ly

m
er

ic
 

 5-
A

m
in

o-
1-

pe
nt

an
ol

, 
di

et
ha

no
la

m
in

e 
an

d 
tr

ie
th

an
ol

am
in

e 

 pH
 

 n.
d.

 
 n.

d.
 

 [ 8
3 ]

 

 C
ar

bo
n 

st
ee

l 
gr

ad
e 

ST
37

 
 E

po
xy

/
po

ly
an

ili
ne

 
 Z

nO
 

 Z
n 2+

  c
at

io
n 

io
n 

 C
l −

  a
nd

 p
H

 
(O

H
 −
  a

ni
on

 
io

n)
 

 n.
d.

 
 C

oa
tin

g 
is

 c
ra

ck
 f

re
e,

 u
ni

fo
rm

, 
an

d 
co

m
pa

ct
 w

ith
 le

ss
 w

at
er

 
pe

rm
ea

bi
lit

y 

 [ 8
4 ]

 

(c
on

tin
ue

d)

18 Polymer-Based Nanocomposite Coatings for Anticorrosion Applications



390

 M
et

al
 

su
bs

tr
at

e 
 C

oa
tin

g 
 N

an
om

at
er

ia
l 

 A
ct

iv
e 

ag
en

t 
 T

ri
gg

er
in

g 
m

ec
ha

ni
sm

 

 C
al

cu
la

te
d 

co
rr

os
io

n 
in

hi
bi

tio
n 

ef
fi c

ie
nc

y 

 Pr
op

er
tie

s 
ot

he
r 

th
an

 c
or

ro
si

on
 

re
si

st
an

ce
 a

nd
 m

ec
ha

ni
sm

s 
of

 
pr

ot
ec

tio
n 

in
 a

dd
iti

on
 to

 p
hy

si
ca

l 
ba

rr
ie

r 
an

d 
co

rr
os

io
n 

in
hi

bi
to

r 
 R

ef
 

 A
lu

m
in

um
 

gr
ad

e 
20

24
-T

3 

 E
po

xy
 r

es
in

 
 C

eM
o 

 8-
H

Q
 

 n.
d.

 
 n.

d.
 

 W
at

er
 tr

ap
s 

an
d 

ch
lo

ri
de

 tr
ap

s 
w

er
e 

us
ed

 f
or

 m
or

e 
co

rr
os

io
n 

pr
ot

ec
tio

n 

 [ 8
5 ]

 

 C
ar

bo
n 

st
ee

l 
 E

po
xy

 r
es

in
 

 C
el

lu
lo

se
 

 C
al

ci
um

 n
itr

ite
 

 Sc
ra

tc
h 

 n.
d.

 
 n.

d.
 

 [ 8
6 ]

 
 M

ild
 s

te
el

 
 Po

ly
py

rr
ol

e 
 M

es
op

or
ou

s 
si

lic
a 

 M
ol

yb
da

te
 io

n 
 C

l −
  a

nd
 p

H
 

 n.
d.

 
 n.

d.
 

 [ 7
9 ]

 

 A
lu

m
in

um
 

gr
ad

e 
50

83
 

an
d 

ga
lv

an
ne

al
 

 W
at

er
bo

rn
e 

ep
ox

y 
 n.

d.
 

 2-
M

er
ca

pt
ob

en
zo

th
ia

zo
le

 
 pH

 
 n.

d.
 

 N
an

oc
ap

su
le

s 
do

 n
ot

 h
av

e 
an

y 
ne

ga
tiv

e 
ef

fe
ct

 o
n 

th
e 

ba
rr

ie
r 

pr
op

er
tie

s 
of

 th
e 

co
at

in
gs

 

 [ 8
7 ]

 

 St
ee

l 
 E

po
xy

 
 Po

ly
an

ili
ne

 
 C

ar
da

no
l-

ba
se

d 
ph

en
al

ka
m

in
e 

 n.
d.

 
 46

.8
 %

 f
or

 3
 %

 
N

M
 in

 1
2 

%
 

N
aC

l s
ol

ut
io

n 
af

te
r 

60
 d

ay
s 

 W
at

er
 r

ep
el

le
nc

y 
an

d 
ad

he
si

on
 

st
re

ng
th

 w
er

e 
im

pr
ov

ed
 

 [ 8
8 ]

 

 M
g 

 A
lk

yd
 

 M
es

op
or

ou
s 

si
lic

a 
 N

aF
 

 n.
d.

 
 70

 %
 f

or
 1

 %
 N

M
 

in
 2

 g
 d

m
 −

3   N
aC

l 
so

lu
tio

n 
af

te
r 

1 
w

ee
k 

im
m

er
si

on
 

 n.
d.

 
 [ 8

0 ]
 

 A
lu

m
in

um
 

gr
ad

e 
20

24
 

 E
po

xy
 r

es
in

 
 Su

rf
ac

ta
nt

- 
m

od
ifi 

ed
 

ha
llo

ys
ite

 

 B
en

zo
tr

ia
zo

le
 

 pH
 a

nd
 

te
m

pe
ra

tu
re

 
 n.

d.
 

 n.
d.

 
 [ 7

8 ]
 

 A
lu

m
in

um
 

gr
ad

e 
20

24
-T

3 

 W
at

er
bo

rn
e 

ep
ox

y 
 Po

ly
- 

el
ec

tr
ol

yt
e 

 2-
M

et
hy

lb
en

zo
th

ia
zo

le
 

an
d 

2-
m

er
ca

pt
ob

en
zo

th
ia

zo
le

 

 Sc
ra

tc
h 

 n.
d.

 
 n.

d.
 

 [ 8
9 ]

 

  T
he

 v
al

ue
s 

fo
r 

N
M

 a
nd

 N
aC

l s
ol

ut
io

n 
ar

e 
in

 w
t%

  

Ta
bl

e 
18

.2
 

(c
on

tin
ue

d)

M. Honarvar Nazari and X. Shi



391

  Fig. 18.11    ( a ) SEM image of unloaded CeMO nanocontainers and ( b ) EDS results (reprinted with 
permission from [ 85 ], Copyright © 2014 Elsevier Inc.)       

  Fig. 18.10    TEM images 
of halloysite nanotubes 
(reprinted with permission 
from [ 77 ], Copyright © 
2010 Elsevier Inc.)       

nanocontainers in an epoxy coating, which produced a nanocomposite coating with 
superior corrosion protection properties.

     AFM   is another high-tech method which reveals the topography of the ultrathin 
top surface (or interface), with a vertical resolution of less than 0.1 nm and X–Y 
resolution of around 1 nm. AFM can be run at atmospheric pressure which is an 
advantage over TEM and SEM [ 90 ]. Dhoke and Khanna [ 23 ] employed AFM to 
study the surface topography of alkyd-based coatings with and without nano-Fe 2 O 3  
particles, after a salt spray test. Figure  18.12a  shows the topographic height image 
of the neat (non-modifi ed) sample, in which its surface exhibited roughness with 
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some distorted microstructures due to coating blistering caused by the salt spray. 
The coating modifi ed with nano-Fe 2 O 3  (Fig.  18.12b ) exhibited a smoother surface 
texture, corresponding to its improved corrosion resistance.

    AFM   has also been used for measuring the nano-/micromechanical properties of 
nanocomposite epoxy coatings, following the nanoindentation method. Shi et al. [ 6 ] 
observed a hysteresis between the loading and unloading curves indicating a plastic 
deformation of the epoxy coatings upon the indentation. The nearly linear slope of 
the unloading curves indicated that the tip indentation resulted in very little elastic 
deformation and thus the loading curve was fi tted to obtain the mechanical proper-
ties of the coating. The authors assumed that all the coatings had uniform mechani-
cal properties across the entire thickness and the Young’s modulus was then obtained 
by fi tting only the initial part of the loading indentation process to the Hertzian 
model. The epoxy coating modifi ed with 1 wt% nano-SiO 2  or nano-Zn showed a 
substantial increase in their Young’s moduli at the submicron scales, whereas the 
nanoclay- and nano-FeO-modifi ed samples showed, respectively, ∼30 % and ∼25 
% decreases relative to the non-modifi ed epoxy coating. 

 Advanced tools are also available to help obtain an in-depth insight about what 
is going on at the interface of nanomaterials and host polymers. For instance, in situ 
analysis methods such as surface-sensitive  helium ion microscopy   (He-IM) can 
shed light on relevant processes and interactions. He-IM has been successfully used 
by Campo et al. [ 91 ] to investigate the interaction of  carbon   nanotubes (CNTs) and 
a poly(methyl methacrylate) (PMMA) matrix in an electrospun polymer-based 
nanocomposite. 

  Electrochemical techniques   can help illustrate the role of coating components in 
the processes of general protection and local protection [ 92 ]. A variety of electro-
chemical techniques have been employed for studying the polymer-based nanocom-
posite coatings. Among them, electrochemical impedance spectroscopy (EIS) is the 
most common method used for studying both physical barrier coatings and intelli-
gent coatings. EIS measurements have been aided by potentiodynamic polarization 

  Fig. 18.12    AFM topographic images of alkyd-based waterborne coatings ( a ) without any incor-
porated particles and ( b ) with 0.3 % nano-Fe 2 O 3  particles after 720 h salt spray test (adapted with 
permission from [ 23 ], Copyright © 2009 Elsevier Inc.)       
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curves in investigating the corrosion rates and corrosion mechanisms of metals 
protected by physical barrier coatings [ 31 ,  33 ,  39 ] and sometimes by intelligent 
coatings [ 86 ,  93 ]. In addition, scanning vibrating electrode technique (SVET, 
Fig.  18.13 ) and localized EIS are among the emerging spatially resolved electro-
chemical techniques used to investigate the self-repairing process enabled by con-
trolled release of corrosion inhibitors [ 9 ,  83 ,  87 ,  95 ]. These techniques can detect 
the self- healing mechanisms in the microscale defects in the coating layer [ 9 ].

18.7        Conclusion 

 Nanotechnology has brought fundamental changes to the methods of mitigating 
corrosion risk at the metal/electrolyte interface. Incorporation of nanomaterials in 
polymeric coatings can greatly improve their barrier performance by decreasing the 
porosity and zigzagging the diffusion path for corrosive species such as oxygen and 
chloride anions. It is cautioned, however, that nanomaterials often serve more than 
just the role of a nanofi ller. Nanomaterials with a wide range of shapes and sizes 
have been employed for the fabrication of polymer nanocomposites, through a vari-
ety of approaches (e.g., in situ polymerization, solution exfoliation, and melt inter-
calation). The nanocomposite microstructure can be categorized according to the 
interaction between the polymer matrix and the added nanomaterial (i.e., phase- 
separated, hybrid-phase, intercalated, and exfoliated composites). The cost- 
effective use of nanomaterials to enhance the anticorrosion performance of 
polymeric coatings hinges on their dispersion in the host polymer. Incorporation of 

  Fig. 18.13    Artifi cially defected aluminum grade 2024 ( a  and  b ) and SVET maps above the 
defected area protected by a physical barrier polymer coating ( c ,  e , and  g ) or a self-healing polymer 
coating with inhibitor-loaded nanocontainers ( d ,  f , and  h ). Scale units: μA cm –2  and scanned area: 
2 mm × 2 mm (adapted with permission from [ 94 ], Copyright © 2006 John Wiley and Sons Inc.)       
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nanomaterials into polymer matrix offers environmentally benign solutions for 
enhancing the integrity and durability of coating systems. In general, polymer coat-
ings containing a small amount of nanomaterials (typically no more than 4 % by 
weight of polymer) offer signifi cant barrier properties for corrosion protection and 
reduce the tendency for the coating to blister or delaminate. Due to their high sur-
face activity, nanomaterials may serve as a template to guide the curing of mono-
mers and oligomers near them and lead to formation of better cured polymeric 
networks in the interfacial region. The main philosophy behind reserving corrosion 
inhibitors in nanocontainers instead of directly loading them inside the polymer 
coating is that the former approach minimizes the risk of early leaching of the 
inhibitor and delivers the inhibitor when and where it is needed. TEM, SEM, AFM, 
He-IM, EIS, and SVET are among some of the advanced characterization tools 
employed to study the microstructure, behavior, and properties of nanocomposite 
coatings for corrosion protection.     
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    Chapter 19   
 Amphiphilic Invertible Polymers 
and Their Applications                     

       Ananiy     Kohut     ,     Ivan     Hevus     ,     Stanislav     Voronov     , and     Andriy     Voronov    

    Abstract     Amphiphilic invertible polymers (AIPs) are novel smart macromole-
cules. Synthesized from short lipophilic and hydrophilic constituents that are alter-
nately or randomly distributed along the polymer backbone, the AIP macromolecules 
possess an enhanced fl exibility and rapidly respond to changes in an environmental 
polarity by changing their macromolecular conformation. By increasing a solution 
concentration, the AIP macromolecules self-organize into micellar assemblies that 
can change their physicochemical properties in response to changes in a medium 
polarity. The micellar assemblies from AIPs can be applied for the development of 
smart nanoreactors for the synthesis of metal and semiconductor nanoparticles of a 
controlled shape and size, as well as for the growth of fi brillar carbon nanostructures 
and the formation of smart nanocontainers for drug delivery. Synthetic routes to (1) 
amphiphilic invertible polyurethanes based on poly(ethylene glycol), polytetrahy-
drofuran, and 2,4-tolylene diisocyanate and (2) amphiphilic invertible polyesters 
based on poly(ethylene glycol) and aliphatic dicarboxylic acids were elaborated, 
and the corresponding polymers were successfully synthesized. The effect of reac-
tion conditions on the reaction course and the macromolecular confi guration of the 
resulting polymers were revealed. It was demonstrated that the chemical nature and 
structure of the macromolecules of the amphiphilic invertible polyurethanes and 
polyesters determine the self-assembly of the AIP macromolecules, both in an aque-
ous and organic media, resulting in a formation of micellar assemblies, which can 
serve as nanoreactors, nanocontainers, and nanocarriers.  
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19.1       Introduction 

 Advances in the fi eld of contemporary nanotechnologies require the development of 
fundamental science: chemistry, physics, biochemistry, and, in particular, polymer 
chemistry. Recently, numerous studies on the preparation of polymeric materials 
with novel properties for applications in medicine, biology, catalysis, electronics, 
and optics have been carried out. The synthesis of new polymers for developing 
polymeric nanoreactors, which aid in conducting chemical reactions, and the prepa-
ration of metal and semiconductor nanoparticles are of growing interest [ 1 ]. In addi-
tion, such synthesis can allow for designing nanocontainers and developing new 
polymer-based systems that deliver lipophilic drugs to pathologic cells and, simul-
taneously, protecting the drug from side reactions and effects [ 2 ]. In this regard, 
much attention is paid to polymers, the macromolecules of which are capable of 
self-organizing and forming self-assembled structures that change their physico-
chemical properties in response to changes in the environmental parameters [ 3 ]. 
Such polymers are considered smart materials. 

 Among numerous studies on smart polymers (e.g., sensitive to changes in tem-
perature, moisture, pH, light, electric and magnetic fi eld), only a small number of 
publications report on the polymers capable of responding to changes in a medium 
polarity [ 4 ,  5 ]. Nevertheless, such polymers can be considered as prospective candi-
dates in different applications as nanoreactors and nanocontainers [ 5 ]. In this regard, 
the synthesis of new amphiphilic invertible polymers, the macromolecules, which 
contain short lipophilic and hydrophilic fragments in the backbone, linked by oxy-
gen atoms, can be of great interest. The presence of  oxygen atoms   in the polymer 
backbone is known to signifi cantly enhance the macromolecular fl exibility. Varying 
the fragments’ chemical structure enables an effi cient control over the self- assembly 
of the macromolecules in the solution and the formation of hierarchical micellar 
assemblies with a well-defi ned structure. It was assumed that such polymers with 
either an alternating or a random distribution of different fragments in the macro-
molecules would undergo phase separation in selective solvents and would self- 
assemble into the micellar assemblies. Besides, due to the low molecular weight of 
the macromolecular  lipophilic and hydrophilic fragments  , they will be capable of 
rapidly responding to changes in medium polarity by changing the conformation of 
the macromolecular backbone and, hence, exhibiting invertible properties. 

 Over the last few decades, metal nanoparticles have attracted broad attention 
from researchers worldwide because of their increasing applications in various 
fi elds of science and industry. However, a strong need for elaborating new methods 
for the controlled synthesis of nanoparticles is still an ongoing challenge for many 
of these researchers. Developing nanoreactors from the new AIPs can be expected 
to become a promising approach to the synthesis of metal nanoparticles of con-
trolled size, shape, and structure, which could broaden their potential applications. 

 Amphiphilic invertible polymers with PEG fragments in their macromolecular 
backbone have been shown to be able to reduce metal ions and produce high-purity 
metal nanoparticles.    These particles can be easily dispersed in both polar and 
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 nonpolar solvents and form stable colloidal solutions due to the invertibility of the 
macromolecules, which act as steric stabilizers for nanoparticles. The AIPs can also 
be applied for the development of nanocontainers in order to solubilize poorly 
water- soluble drugs, control the interaction with cell membranes, and deliver the 
drugs into pathologic cells. The presence of short hydrophilic and lipophilic con-
stituents in the backbone enables the chain fl exibility to rapidly respond to changes 
in a medium polarity by changing macromolecular conformation. To this end, AIPs 
can be considered prospective candidates for the development of smart nanocarriers 
capable of penetrating through cell membranes. Upon the interaction with cytoplas-
mic membranes, the AIP macromolecules can change their conformation and, thus, 
facilitate the delivery of the drug into the cells’ membranes. 

 Hybrid sorbents formed from silica nanoparticles and the AIPs are able to adsol-
ubilize hydrophobic substances in an adsorbed polymer layer. The  hybrid sorbents   
could have potential applications in the development of various industrial products 
such as pharmaceuticals, cosmetics, and health-care products, the preparation of 
polymer thin fi lms, and wastewater treatment in order to remove different organic 
pollutants.  

19.2     Synthesis and Properties of Amphiphilic 
Invertible Polymers 

 Amphiphilic invertible polymers are new smart polymers. The AIPs invertibility is 
considered to be a fast conformational change of the macromolecules in response to 
change in the solvents’ nature. 

19.2.1     Synthesis of Amphiphilic Invertible Polyurethanes 

 Amphiphilic invertible polyurethanes ( AIPUs  )    with a random distribution of hydro-
philic poly(ethylene glycol) and lipophilic polytetrahydrofuran fragments were syn-
thesized by the reaction of 2,4-tolylene diisocyanate (2,4-TDI) with a mixture of 
PEG (mol. weight 600 or 1000, PEG 600  and PEG 1000 ) and PTHF (mol. weight 650 or 
1000, PTHF 650  and PTHF 1000 ) as shown in Fig.  19.1 . The molar ratio of the reactants 
was 2:1:1, respectively [ 6 ].

   By varying the length of hydrophilic PEG and lipophilic PTHF chains, four dif-
ferent random AIPUs were synthesized (Table  19.1 ). Hydrophilic–lipophilic bal-
ance calculated via the Griffi n method varied from 7 to 11.

   The structure of the synthesized random AIPUs was confi rmed by FTIR and  1 H 
NMR spectroscopy [ 6 ]. 

 AIPUs with an alternating distribution of hydrophilic PEG and lipophilic PTHF 
fragments were synthesized using a two-step procedure (Fig.  19.2 ) [ 6 ].
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   To synthesize the prepolymer needed to create AIPUs, the reaction between 
PTHF 650  or PTHF 1000  and 2,4-TDI in molar excess (two times) is required to yield 
PTHF that is isocyanate terminated. Preferably, the isocyanate group in position 4 
reacted with PTHF's OH functionality due to its higher reactivity in comparison 
with that of the isocyanate group in position 2. This is followed by a reaction with 
the prepolymer and an equimolar amount of hydroxy-terminated PEG 600  or PEG 1000  
that yields polyurethanes with alternating hydrophilic and hydrophobic fragments. 
By implementing this strategy, four alternating AIPUs (Table  19.2 ) that vary in 
length of hydrophilic and lipophilic fragment, along with their HLB values, were 
created.

n HO(CH2CH2O)xH + n HO(CH2CH2CH2CH2O)yH

CH3

N C ONCO

+ 2n

n

NH C

O

O

CH3

NH C

O

O (CH2CH2CH2CH2O)y C

O

NH(CH2CH2O)x C NH

O

CH3

n

  Fig. 19.1    Reaction of the synthesis of random AIPUs       

   Table 19.1    Characteristics of random AIPUs   

 #  Polymer  x  y   M   w   · 10 −3    M   n   · 10 −3   PDI  DP  HLB 

 1  PEG 1000 - co -PTHF 650   22.3  8.8  14.9  11.9  1.26  29.8  10.9 
 2  PEG 1000 - co -PTHF 1000   22.3  13.6  15.0  11.2  1.35  25.6  9.2 
 3  PEG 600 - co -PTHF 650   13.2  8.8  15.3  11.7  1.30  38.3  8.6 
 4  PEG 600 - co -PTHF 1000   13.2  13.6  15.8  10.0  1.58  32.4  7.0 

   DP  polymerization degree  

n
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O
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  Fig. 19.2    Reaction of the synthesis of alternating AIPUs       
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19.2.2        Synthesis of Amphiphilic Invertible Polyesters 

    Amphiphilic invertible polyesters (AIPEs)   were synthesized via the polycondensa-
tion of PEG 300 , PEG 600 , or PEG 1000  with aliphatic dicarboxylic acids, decanedioic 
(sebacic) and dodecanedioic (Fig.  19.3 ).

   Six different  AIPEs   (Table  19.3 ) with alternately distributed lipophilic and hydro-
philic fragments along the macromolecular backbone were synthesized. The HLB 
values of the polyesters, calculated via the Davies method, varied from 9.2 to 15.4.

   Thus, synthetic routes to (1) amphiphilic invertible polyurethanes based on poly-
ethylene glycol, polytetrahydrofuran, and 2,4-tolylene diisocyanate and (2) amphi-
philic invertible polyesters based on polyethylene glycol and aliphatic dicarboxylic 
acids were elaborated, and the corresponding polymers were successfully synthe-
sized. The effect of reaction conditions on the reaction course and the macromo-
lecular confi guration of the resulting polymers were revealed [ 6 ]. 

 It was demonstrated that by changing the AIP macromolecular structure and 
physicochemical properties, the micellar assemblies of different morphologies can 
be prepared, from monomolecular micelles to polymolecular associates, depending 
on the polymer concentration in the solution [ 7 ]. 

   Table 19.2    Characteristics of alternating AIPUs   

 #  Polymer  x  y   M   w   · 10 −3    M   n   · 10 −3   PDI  DP  HLB 

 1  PEG 1000 - alt -PTHF 650   22.3  8.8  18.2  13.2  1.37  36.4  10.9 
 2  PEG 1000 - alt -PTHF 1000   22.3  13.6  17.5  13.0  1.35  29.8  9.2 
 3  PEG 600 - alt -PTHF 650   13.2  8.8  16.3  11.4  1.42  40.8  8.6 
 4  PEG 600 - alt -PTHF 1000   13.2  13.6  15.1  10.3  1.46  31.0  7.0 

   DP  polymerization degree  

n HO(CH2CH2O)xH (CH2)yC C
O

OH

O
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+ n

n
(CH2CH2O)x C

O
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  Fig. 19.3    Reaction for the synthesis of AIPEs       

   Table 19.3    Characteristics of alternating AIPEs   

 #  Polymer  x  y   M   w   · 10 −3    M   n   · 10 −3   PDI  DP  HLB 

 1  PEG 300 S  6.4  8  9.5  6.7  1.42  28.8  10.1 
 2  PEG 300 D  6.4  10  7.9  5.5  1.44  22.3  9.2 
 3  PEG 600 S  13.2  8  9.3  6.4  1.45  16.7  12.4 
 4  PEG 600 D  13.2  10  32.0  17.7  1.81  44.6  11.4 
 5  PEG 1000 S  22.3  8  11.7  6.0  1.95  10.3  15.4 
 6  PEG 1000 D  22.3  10  7.6  5.0  1.53  8.4  14.4 

   DP  polymerization degree  
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 In a nonpolar organic solvent, the AIP macromolecules form micellar structures 
with a hydrophilic interior and a lipophilic exterior (Fig.  19.4 ), which could serve as 
nanoreactors for conducting chemical reactions in the interior and for the synthesis 
of metal and semiconductor nanoparticles. In an aqueous environment, micellar 
structures with a lipophilic interior and a hydrophilic exterior are formed (Fig. 
 19.4 ). These assemblies can be applied as nanocontainers of lipophilic substances 
in water. The formation of the micellar structures both in aqueous and organic media 
was confi rmed using small-angle neutron scattering,  1 H NMR spectroscopy, and the 
solubilization of a fl uorescent probe of pyrene and solvatochromic dyes [ 7 ]. The 
study on the formation of micellar structures from the amphiphilic invertible poly-
mers, their colloidal properties, and solubilization ability allowed for the develop-
ment of micellar nanoreactors and the synthesis of metal (Ag, Au, Pd), semiconductor 
(CdSe, Si) nanoparticles, as well as polymer–metal complexes as catalysts for the 
growth of carbon nanostructures.

19.3         Amphiphilic Invertible Polymers as Nanoreactors 
for the Synthesis of Metal (Ag, Au, Pd) 
and Semiconductor (CdSe, Si) Nanoparticles 

 Metal and semiconductor nanoparticles have attracted signifi cant attention from 
researchers worldwide because of their unique chemical and physical, in particular, 
optical, electrical, magnetic, and thermal, properties [ 1 ,  8 ] and their broad variety of 
applications in contemporary nanotechnologies   [ 9 ,  10 ]. 

  Fig. 19.4    Formation of micelles and hierarchical micellar assemblies (nanoreactors) depending 
on a medium polarity and AIP concentration (with permission from A. Kohut, A. Voronov, 
Langmuir 2009, 25 4356–4360)       
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19.3.1     Synthesis of Metal Nanoparticles 

 Micellar assemblies formed by the AIP macromolecules in  nonpolar organic sol-
vents   have a lipophilic exterior comprised of PTHF chains (AIPU), or aliphatic 
dicarboxylic acid moieties (AIPE), and a hydrophilic interior built from PEG chains 
[ 6 ]. Such assemblies can be used as nanoreactors for conducting chemical reactions 
in their interior and for the synthesis of various metal nanomaterials and semicon-
ductor nanoparticles as depicted in Fig.  19.5 .

    Silver   nanoparticles were synthesized in polymeric nanoreactors by adding a [Ag 
(NH 3 ) 2 ] OH precursor to a concentrated AIPU solution in benzene (at polymer con-
centration 20 and 30 % w/w) where micellar structures were formed (Fig.  19.5 ). The 
precursor was solubilized within the micellar structures, localized in the hydrophilic 
PEG domains, and Ag +  was reduced to Ag 0 . Silver nanoparticles were formed in the 
polymeric nanoreactors prepared from the AIPE, based on PEG 1000 , as well as PEG 600 -
 co -PTHF 650 . By increasing the length of PEG’s hydrophilic constituents while main-
taining a steady precursor/polymer concentration, this aided in the creation of 
nanoparticles while simultaneously reducing the [Ag (NH 3 ) 2 ] OH precursor. Cavities 
or pseudo-crown ether structures are formed by the PEG chains, and because they are 
able to bind metal ions, they can then be reduced to metal nanoparticles. PEG 1000 -
based AIPUs of high effi ciency are thought to be produced due to longer PEG frag-
ments imparting a greater loading capacity and metal ion-reducing activity [ 11 ]. 

 A pseudo-crown ether cavity’s methylene group (PEG chain in the AIP macro-
molecule) interacting with Ag +  will cause proton separation, Ag +  reduction, and 
poly(ethylene oxide) (PEO) macroradical’s production [ 12 ]. The formation of  PEO   
is via the one-electron reduction mechanism. The reaction is detailed in the follow-
ing steps: Ag +  interacts with mobile H from the PEG chains, yielding macroradi-
cals; protons are generated; and Ag +  is reduced to Ag 0  [ 12 ]. 

 At fi rst, the Ag +     (oxidation agent) interacts with a mobile H of the PEG fragment 
(reducing agent) while in the company of “bare” anions, OH – . Thus, Ag 0 , PEG mac-
roradicals, and H 2 O are created:

   
C H 2 C H 2 O

n
+ A g + + O H - + A g 0 + H 2 O

n
C H 2 C H O

.
  

  Fig. 19.5    Development of silver nanoparticles in polyurethane micellar structures formed by the 
AIPU macromolecules in benzene (with permission from [ 11 ])       
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    This is followed by Ag +     receiving an electron via the PEG macroradical, thus 
reducing to Ag 0 . As such, the macroradical is transformed into a carbocation. The 
anion OH −  interacts with the newly formed carbocation and forms PEO fragments 
that contain hydroxyl moieties.

   

.
CH2 CH O

n
+ Ag0+ Ag+ + OH- CH2 CH O

OH

n
+ Ag0

  

    The subsequent interaction is between the Ag +  and the mobile H of the PEG frag-
ments’ polarized carbon. The electron combines with the Ag + , yielding Ag 0  and a 
new macroradical.

   
+ Ag0 + H2O

n
CH2 C O

OH
+ Ag+ + OH- + Ag0 + H2O

n
CH2 CH O

OH .
  

    Finally, the macroradical’s  hydroxyl moiety   generates H + . Two electrons from 
the oxygen then create a double bond (carbonyl compound) and Ag 0 .

   
+ Ag0 + H2O+ Ag+ + OH- CH2 C O

O

n
+ Ag0 + H2O

.
CH2 C O

OH

n   

    It is suggested that the key reason for silver nanoparticle formation within 
PEG 600 - co -PTHF 650  polymeric nanoreactors is because of the presence of macromo-
lecular sequences that consist of multiple PEG units connected with TDI groups in 
random polyurethane macromolecules. The greater the amount of  PEG units   pres-
ent effectively increases the hydrophilic fragments’ length in macromolecules and 
thus allows for reduction to be possible. The AIPU macromolecules’ composition 
and confi guration as well as the polymer’s concentration appear to dictate the size 
of the silver nanoparticles, from 6 to 14 nm (Fig.  19.6 ). Monodispersed spherical 
silver nanoparticles in polymeric nanoreactors’ formation, based on PEG 1000 - co - 
PTHF 650  (plot 3 in Fig.  19.6b ), are confi rmed as seen in the synthesized nanosilver’s 
TEM micrograph (Fig.  19.7 ). Data gathered by DLS measurements confi rms the 
average nanoparticle diameter of approximately 7 nm.

    Reactive mixtures were further analyzed using the  XRD technique  . A pattern 
recorded on the dried silver–PEG 1000 -alt-PTHF 650  nanocomposites is shown in 
Fig.  19.8 . The diffraction maxima at 2θ = 38.2, 44.3, 64.5, and 77.5° correspond to 
the (111), (200), (220), and (311) planes of the face-centered cubic silver, respec-
tively, [ 13 ,  14 ] and confi rm the presence of Ag in the nanoparticles.

   Because of the presence of hydrophilic PEG and lipophilic PTHF chains, and 
the invertible properties of the AIPUs, the synthesized silver nanoparticles can be 
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  Fig. 19.6    Size distribution of a silver nanoparticle synthesized in nanoreactors prepared in 20 % 
w/w ( a ) and 30 % w/w ( b ) AIPU solutions in benzene:  1  PEG 1000 - alt -PTHF 650 ,  2  PEG 1000 - alt - 
PTHF 1000 ,  3  PEG 1000 - co -PTHF 650 ,  4  PEG 1000 - co -PTHF 1000 ,  5  PEG 600 - co -PTHF 650  (with permission 
from [ 11 ])       

  Fig. 19.7    TEM 
micrograph of silver 
nanoparticles developed in 
nanoreactors from 
PEG 1000 - co -PTHF 650  (at 
concentration 30 % w/w)       
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  Fig. 19.8    X-ray 
diffraction pattern of silver 
nanoparticles synthesized 
in nanoreactors from 
PEG 1000 - alt -PTHF 650  (at 
concentration 30 % w/w)       
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successfully dispersed in either polar or nonpolar media, where they form stable 
colloidal solutions. 

 For the synthesis of  silver   nanoparticles in polymeric nanoreactors based on the 
AIPEs, the [Ag (NH 3 ) 2 ] OH precursor was added to a concentrated AIPE solution in 
benzene (at polymer concentration 25 and 50 % w/w), where micellar structures 
were formed. Regardless of polymer composition, concentration, and HLB, no sig-
nifi cant variation of the silver nanoparticles’ size was observed. Conducting the 
synthesis within the polymeric nanoreactors based on the AIPEs with different 
lengths of the lipophilic dicarboxylic acid moieties and hydrophilic PEG chains 
resulted in the formation of spherical silver nanoparticles with the average diameter 
of about 10 nm (Figs.  19.9  and  19.10 ).

    For the synthesis of  gold   nanoparticles in polymeric nanoreactors based on the 
AIPEs, HAuCl 4  precursor was added to concentrated PEG 300 S and PEG 600 S solu-

  Fig. 19.9    Size distribution 
of silver nanoparticles 
synthesized in nanoreactors 
prepared in 50 % w/w 
AIPE solutions in benzene: 
 1  PEG 300 S,  2  PEG 600 S, 
 3  PEG 300 D,  4  PEG 600 D 
(with permission from 
A. Voronov, A. Kohut, 
W. Peukert, Langmuir 
2007, 23, 360–363)       

  Fig. 19.10    SEM 
micrograph of silver 
nanoparticles developed in 
nanoreactors from PEG 600 S 
(at concentration 50 % 
w/w)       
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tions in benzene (at polymer concentration 50 % w/w), where micellar structures 
were formed. The particle size distribution plots (Fig.  19.11 ) show the maximum at 
about 7.3 nm and 12.1 nm for the syntheses of gold nanoparticles in the polymeric 
nanoreactors from PEG 600 S and PEG 300 S, respectively. This result is in agreement 
with the scanning electron microscopy data (Fig.  19.12 ).

    For the synthesis of  palladium   nanoparticles in polymeric nanoreactors based on 
the AIPEs, the H 2 PdCl 4  precursor was added to a concentrated PEG 600 S solution in 
benzene (at polymer concentration 50 % w/w), where micellar structures were 
formed. The reduction process was carried out at 80 °C. According to the DLS 
analysis (Fig.  19.13 ) and SEM data (Fig.  19.14 ), the average diameter of the synthe-
sized palladium nanoparticles was about 8 nm.
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  Fig. 19.11    Size distribution of gold nanoparticles synthesized in AIPE nanoreactors from 50 % 
w/w solutions in benzene       

  Fig. 19.12    SEM 
micrograph of gold 
nanoparticles developed 
in nanoreactors from 
PEG 600 S (at concentration 
50 % w/w)       
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    The self- assembled   micellar assemblies formed by the AIP macromolecules in 
nonpolar organic media serve simultaneously as nanoreactors (i.e., provide a micro-
environment for conducting chemical reactions), reducing agents of metal ions, and 
steric stabilizers of the developed metal (silver, palladium, gold) nanoparticles. The 
nature to the polymer, its composition, chain confi guration, and concentration 
apparently dictate the synthesized particles’ size, changing from 6 nm and 14 nm 
respectively. PTHF utilized as a lipophilic constituent in amphiphilic invertible 
polymers is advantageous in terms of changing polyurethane HLB to a larger extent 
in contrast to polyesters and, as such, the fi nal nanoparticles’ size.  
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  Fig. 19.13    Size distribution of palladium nanoparticles synthesized in PEG 600 S nanoreactors from 
50 % w/w solutions in benzene       

  Fig. 19.14    SEM 
micrograph of palladium 
nanoparticles developed in 
nanoreactors from PEG 600 S 
(50 % w/w)       
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19.3.2     Synthesis of Semiconductor Nanoparticles 

  To synthesize  nonspherical   CdSe nanoparticles, a solution–liquid–solid method 
using silver nanoparticles, formed in the AIPU nanoreactors, as seeds to promote 
anisotropic crystal growth was developed (Fig.  19.15 ).

   According to this method, the reaction mixture in a high-boiling nonpolar sol-
vent, diphenyl ether, is heated to 220 °C, a temperature at which a quasi-molten 
surface layer is formed on the nanoparticle surface. Cadmium oxide precursor dis-
solves in the quasi-molten surface layer, and CdSe crystal growth starts from the 
silver surface after injecting trioctylphosphine selenide, a second precursor, into the 
reaction mixture. During the process, the AIPU macromolecules provide stabiliza-
tion for both silver nanoparticle seeds and cadmium selenide crystals. After the 
reaction, CdSe nanocrystals were separated from the reactive mixture, including 
nanosilver seeds, by hexane extraction. Particle size distribution of the synthesized 
CdSe nanocrystals measured by DLS (Fig.  19.16a ) indicates an average size of 

  Fig. 19.15    Synthesis of cadmium selenide nanoparticles using silver nanoparticle seeds formed in 
the AIPU nanoreactors       

  Fig. 19.16    Size distribution ( a ) and TEM micrograph ( b ) of the cadmium selenide nanoparticles 
synthesized in polymeric nanoreactors from AIPU, using nanosilver seeds       
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4.2 ± 0.6 nm. A representative TEM micrograph of the synthesized cadmium 
 selenide (Fig.  19.16b ) confi rms the presence of elongated nanoparticles with the 
average size of ca. 5 nm.

   Micellar structures developed from PEG 600 S macromolecules in benzene were 
also applied as polymeric nanoreactors for the synthesis of silicon nanoparticles, 
which is another semiconductor material. 

 For this purpose, a liquid cyclohexasilane precursor, Si 6 H 12 , was applied. A  1 H 
NMR study on model low-molecular-weight substances, diethyl sebacate, and 
poly(ethylene glycol) dimethyl ether, which resemble repeating units in PEG 600 S 
macromolecules, revealed Lewis acid–base interactions between the oxygen-based 
functional groups of the PEG 600 S macromolecules and the Si 6 H 12  rings to give 
“inverse sandwich” complexes (Fig.  19.17 ) [ 15 ].

   The  1 H NMR study has shown that by solubilizing precursor molecules in poly-
meric nanoreactors, initially, Lewis acid–base interaction occurs between Si 6 H 12  and 
the ester functional groups of PEG 600 S. Higher concentrations of Si 6 H 12  result in a 
second type of physical interactions between the precursor and PEG 600 S ether groups. 
Hence, the PEG 600 S micellar structures serve as nanocontainers for cyclohexasilane 
molecules by facilitating the “host–guest” interactions. Silicon nanoparticles were syn-
thesized by the photopolymerization of Si 6 H 12  solubilized within the PEG 600 S micellar 
assemblies formed in benzene, according to the scheme depicted in Fig.  19.18 .

  Fig. 19.17    Schematic illustration of two possible molecular orientations for Si 6 H 12 –diethyl seba-
cate ( left ) and Si 6 H 12 –PEGDM ( right ) complexes (with permission from [ 15 ])       
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  Fig. 19.18    Reaction of cyclohexasilane polymerization and crystalline silicon synthesis       

 

 

A. Kohut et al.



413

   As determined by dynamic light scattering, the average size of the synthesized 
silicon nanoparticles is about 40 nm (Fig.  19.19a ). The adsorption band at 480 cm −1  
in the Raman spectrum (Fig.  19.19b ) confi rms the formation of elemental silicon in 
the sample .
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  Fig. 19.19    Size distribution ( a ) and Raman spectrum ( b ) of the silicon nanoparticles synthesized 
via cyclohexasilane photopolymerization in polymeric nanoreactors from PEG 600 S prepared in 
benzene (at concentration 20 g/100 mL)       
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19.3.3        Synthesis of Fibrillar Carbon Nanostructures 

 For the synthesis of  fi brillar carbon nanostructures   on the surface of carbon micro-
fi bers, the micellar structures formed from the PEG 600 S macromolecules in benzene 
were applied. Formation of the micellar assemblies in benzene, a nonpolar organic 
solvent, allowed ferric nitrate [Fe (NO 3 ) 3  · 9H 2 O], a catalyst for the growth of carbon 
nanostructures in micellar interior, to be solubilized. The colloidal solution of Fe 
(NO 3 ) 3  was used to form a uniform layer of the catalyst on the surface of carbon 
microfi bers [ 16 ]. 

 Afterward, the growth of carbon nanostructures was performed at 750 °C by 
means of the thermal CVD technique, using C 2 H 4 /CH 4  mixture (1:1) to provide 
fi brillar carbon nanostructures with the ability to cover the surface of carbon 
 microfi bers (Fig.  19.20 ).

   In summary, the application of the AIP micellar structures as nanoreactors for 
conducting chemical reactions in an organic medium allows the facile synthesis of 
metal (Ag, Au, Pd) and semiconductor (CdSe, Si) nanoparticles. The size of the 
synthesized particles can be easily controlled by the polymer’s chemical nature and 
concentration. In addition, using the polymeric micellar assemblies formed in 
 benzene for the solubilization of Fe (NO 3 ) 3  catalysts resulted in the uniform distri-
bution of the grown fi brillar carbon nanostructures on the carbon microfi ber sub-
strate surface.   

19.4     Conclusion 

 New amphiphilic “smart” polymers were developed, the macromolecules of which 
are capable of quickly changing their conformation in response to changes in the 
solvent’s nature (medium polarity). Amphiphilic invertible polyurethanes with an 

  Fig. 19.20    SEM images showing the catalytic growth of carbon nanostructures on the surface of 
carbon microfi bers loaded with AIP–metal complex in benzene (with permission from [ 16 ])       
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alternating or random distribution of hydrophilic and lipophilic fragments, as well 
as amphiphilic invertible polyesters, were synthesized. The amphiphilic invertible 
polymers are prospective candidates for application as nanoreactors for the con-
trolled synthesis of metal and semiconductor nanoparticles and the growth of fi bril-
lar carbon nanostructures in organic solvents of lower polarity. Besides, in an 
aqueous medium, the amphiphilic invertible polymers show promise as nanocarri-
ers for the solubilization of poorly water-soluble drugs and their delivery to patho-
logic cells as well as substrate surface modifi cation.     
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    Chapter 20   
 Smart Coatings for Corrosion Protection                     

       V.     Dalmoro,        C.     Santos       , and     João   Henrique   Zimnoch     dos     Santos    

    Abstract     The investigation of coatings that can be used to reduce corrosion rates is 
mandatory because the degradation of metallic structures engenders severe economic, 
environmental, and social consequences. The primary action of most typical corro-
sion protection coatings occurs as a result of barrier properties or inhibitive process 
that is carried out by a corrosion inhibitor incorporated into the coating. Nevertheless, 
these coatings offer protection over a limited time. Thus, smart coatings have been 
investigated in the recent years, which possess an active component that releases with 
an environmental stimulus, for example, corrosion inhibitors to compensate the coat-
ing damage. This technology extends the lifetime of coatings. Different attempts have 
been made to produce coatings with self-healing properties, which allow the inhibitor 
or healing agent to be released on demand at the coating/metal surface. The most 
important triggers reported for releasing these agents are local pH gradients, mechan-
ical damage, and ion-exchange processes, all of which are reviewed in the present 
chapter. Despite numerous researches in this fi eld, the production of smart coatings 
for corrosion protection on an industrial scale remains a challenge.  

  Keywords     Self-healing   •   Corrosion inhibitors   •   Local action  

20.1       Introduction 

 Metallic materials are extensively used in many technological and industrial appli-
cations such as pumps, oil platforms, ships, cars, and aeronautical components. The 
properties of these materials are unique, and the combination of metals to form 
metal alloys can lead to improved mechanical and physicochemical properties. 
Nevertheless, the metals and metal alloys typically employed in industry are suscep-
tible to the corrosion process. The corrosion phenomenon encompasses the charge 
transfer reactions and electron transfer resulting in metal oxidation with progressive 
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degradation of the material when exposed to an aggressive environment [ 1 ,  2 ]. From 
a thermodynamic point of view, this process is spontaneous and irreversible. 
Moreover, corrosion mechanisms depend signifi cantly on the local environment [ 2 ]. 

 The addition of alloy elements can result in galvanic corrosion and an increase of 
localized corrosion. For example, the aluminum alloy 2024 employed in the aero-
nautical industry has a complex distribution and composition of  intermetallic par-
ticles  . It is well known that the corrosion process begins at the intermetallic particles, 
specifi cally those in the S-phase with preferential dissolution of Al and Mg [ 3 – 5 ]. 
The localized corrosion constitutes the main degradation pathway of this alloy and 
involves a cooperative mechanism [ 6 ] that results in corrosion of the grain boundary 
network, which in turn leads to mechanical failure [ 7 ]. 

 According to the   World Corrosion Organization    [ 8 ], the annual cost due to cor-
rosion is equivalent to over 3 % of the world’s GDP. Because of the enormous eco-
nomic damage that corrosion can cause, it continues to be a subject of broad interest, 
with efforts particularly aimed at minimizing expenses to an acceptable economic 
and environmental level [ 2 ]. 

 Corrosion protection has been improved by cathodic protection [ 1 ], organic coat-
ings [ 9 ], conversion layers [ 10 ], corrosion inhibitors [ 11 ], and conductive polymer 
layers [ 12 ], with organic coatings being the most widely employed. A key determi-
nant for the lifetime of organic coatings is their adhesion to the metal surface when 
exposed to a corrosive medium. The physicochemical properties of the metal–coat-
ing interface are usually improved by a pretreatment. For example, chromatization 
was a pretreatment widely used for lightweight metals such as aluminum and its 
alloys, especially in the aerospace industry [ 1 ]. This is due to the fact that chroma-
tization served as both an anchor for the organic coating and a corrosion-inhibiting 
system. However, environmental legislation has prohibited the utilization of this 
type of pretreatment. 

 In recent decades, fi lms produced by  sol–gel technology   using silica precursors 
have been proposed as an environmentally friendly alternative to the chromate pre-
treatment [ 13 – 19 ]. Such systems are capable of forming bonds with both the metal 
substrate and a reactive organic group of the paint. 

 The fundamental strategy of coating protection is passive action based on a phys-
ical barrier [ 20 – 22 ]. Nevertheless, coatings contain small pores through which 
water, oxygen, and aggressive ions may penetrate to the metal surface. Therefore, 
an active protecting coating is necessary for extending the lifetime of the metallic 
substrate. A simple example of active protection is the use of cerium ions incorpo-
rated within a sol–gel matrix. In such systems, cerium ions react with hydroxide in 
the cathodic zone to form cerium oxide/hydroxide, which in turn is deposited on 
metallic surface, reducing the corrosion rate [ 23 ,  24 ]. However, the direct addition 
of corrosion inhibitors into a coating matrix may lead to coating degradation, inhibi-
tor deactivation, and a rapid release of inhibitor (and consequently its depletion if 
the inhibitor is soluble) [ 20 ,  25 ]. 

 In recent years, the concept of smart coatings has been emerged as a method of 
 active protection  . Smart coatings are functional systems whose properties or 
 characteristics may be altered in a controlled way in response to a stimulus gener-
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ated by an intrinsic or extrinsic event [ 26 ,  27 ]. Smart coatings usually exhibit a self-
healing effect (i.e., self-recovery of the initial properties of the coating following the 
corrosion process) [ 28 – 30 ]. The term self-repairing is sometimes used in the con-
text of smart coatings and has the same meaning as self-healing. 

 Several methodologies have been employed to obtain coatings with the ability to 
self-heal upon being triggered by stimuli such as local pH changes, capsule rupture 
induced by mechanical stress, ion-exchange reactions, water trapping, electrochemi-
cal potential changes, light irradiation, and thermal variations [ 26 ]. In the following 
sections, functional materials used as reservoirs that enable the controlled delivery of 
corrosion inhibitors or healing agents will be discussed. More specifi cally, this chap-
ter is focused on those primary stimuli that cause the release of inhibitive species from 
the reservoirs: mechanical damage, ion-exchange processes, and local pH changes.  

20.2     Mechanical Damage as a Releasing Stimulus 

  The development of smart coatings for corrosion protection began with studies of 
polymer-based coatings with micrometer-scale containers, fi lled with monomers or 
appropriate catalysts that were released by mechanical rupture [ 31 ].  Mechanical 
damage   is an important external stimulus with negative consequences on the barrier 
properties of coatings [ 32 ]. Examples of mechanical damage include various types 
of impact, scratches, thermal cycles, and fatigue associated with wear of the struc-
ture [ 28 ]. Such events produce contact between the catalyst and monomer, which 
initiates the polymerization process that seals the defected area. In such approach, 
the catalyst may be dispersed in the matrix coating or can be released from another 
container [ 33 ,  34 ]. 

 The fi rst nanocontainer proposed in the development of self-healing coatings 
was urea–formaldehyde capsules fi lled with polymerizable agents [ 35 ]. In the inves-
tigation reported by White et al. [ 35 ], the self-healing process was triggered by the 
crack-induced rupture of the incorporated poly(urea–formaldehyde) capsules. The 
core material, dicyclopentadiene (DCPD), was released, and ring-opening metath-
esis polymerization (ROMP) occurred in the presence of a Grubbs’ catalyst. 

 The presence of a catalyst within the coating matrix can produce a major discon-
tinuity [ 30 ,  36 ]. Therefore, an alternative approach is the use of healing agents that 
are active in the absence of a catalyst. In such systems, the healing agent may be 
activated by moisture/water from its environment [ 34 ,  37 ] and by the oxidation of 
oils such as tung [ 38 ] or linseed oil [ 36 ,  39 ,  40 ]. For instance, steel-coated epoxy 
paint containing tung oil encapsulated in poly(urea–formaldehyde) capsules exhib-
its a self-healing ability, as revealed by electrochemical impedance spectroscopy 
(EIS) and scanning electronic microscopy (SEM) [ 38 ]. The corrosion resistance of 
epoxy-coated panels was drastically decreased after suffering a mechanical scratch, 
whereas samples containing the capsules exhibited very little reduction in corrosion 
resistance. The self-healing is produced by release of tung oil from incorporated 
capsules, and the polymerization occurs in contact with air. SEM images (Fig.  20.1 ) 
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obtained 24 h after the scratch confi rm the healing and corrosion protection of the 
substrate for epoxy panels containing the incorporated capsules.

   Several parameters (e.g., the encapsulation method or shell thickness) need to be 
adjusted so that the carried capsules behave as an effective self-healing material [ 27 , 
 41 ]. For example, if the wall thickness of the microcapsule is too large, the rupture 
is very diffi cult and healing may not occur, whereas if the shell wall is too thin, the 
microcapsules can rupture the coating or the healing agent could leak or diffuse into 
the matrix over time [ 27 ]. Furthermore, the embedded capsules within the coating 
matrix negatively can impact the physical properties of the coating [ 30 ]. In the 
research of Boura et al. [ 36 ], the adhesion strength of epoxy coatings on steel was 
reduced with the incorporation of poly(urea–formaldehyde) capsules containing 
linseed oil. However, this weakening of the adhesion could be compensated by 
decreasing the capsule size. Poly(urea–formaldehyde) capsules of a smaller size 
were synthesized by employing low temperatures and a high stirring rate [ 39 ] or 
ultrasonic energy [ 36 ] during the encapsulation process. 

 The uptake of aggressive agents in the coating can induce the corrosion phenom-
ena. Therefore, when mechanical damage occurs, the corrosion can already be in an 
advanced stage so that release of the healing agent from the ruptured capsule is 
ineffi cient for mitigating the corrosion of the metallic surface .  

20.3     Inhibitor Nanocontainers: Release Controlled 
by an Ion-Exchange Reaction 

 The use of ion-exchange clays and zeolites as reservoirs of corrosion inhibitors has 
also been extensively investigated [ 18 ,  42 – 70 ]. Anionic and cationic inhibitors have 
been immobilized in anion-exchange and cation-exchange pigments, respectively. 
The release of the inhibitor is stimulated by an ion-exchange reaction with the cor-
rosive medium (e.g., exchange with aggressive chloride ions in the case of anion- 
exchange pigments). 

  Fig. 20.1    ( a ) SEM image of an artifi cial scratch on epoxy coating; ( b ) SEM image of a healed 
scratch on epoxy coating containing microcapsules fi lled with tung oil. Reprinted with permission 
from [ 38 ]       
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20.3.1     Anionic Materials 

  Layered double hydroxides (LDHs),   also known as anionic clays, have aroused 
interest as corrosion protection systems due to their anion-exchange properties. The 
general formula of an  LDH   is [M(II) 1–x, M(III) x (OH) 2 ][A x/n  n- ].mH 2 O, where M(II) 
and M(III) are divalent and trivalent cations, respectively, occupying octahedral 
holes in a brucite-like layer. The A n−  in the formula corresponds to interlayer anions 
that counterbalance the excessive positive charge caused by partial substitution of 
the divalent cation by a trivalent in the brucite layer [ 42 – 44 ]. The positive hydroxide 
sheets and anions are stacked together and spatially organized with rhombohedral 
or hexagonal symmetry [ 45 ]. 

 These materials are also called hydrotalcite-like compounds due to their struc-
tural analogies with the natural mineral hydrotalcite, which contain Mg(II) and 
Al(III) in a 3/1 molar ratio [ 20 ]. LDH compounds exhibit advantageous properties 
such as versatile intercalation chemistry, good stability, and low toxicity, and their 
synthetic preparation is simple and cheap [ 46 ]. 

 The distance between  hydroxide layers   enables a wide variety of corrosion inhibitor 
anions to be inserted. Of such inhibitors, ethylenediaminetetraacetic acid (EDTA) 
[ 47 ], vanadate species [ 44 ,  48 ], carbonate/nitrate [ 45 ], 2- benzothiazolylthio-succinic 
acid (BTSA) [ 43 ], 4- or 3-aminobenzenesulfonic acid (4- or 3-ABSA), 3,4-
dihydroxybenzoic acid (3,4-HHBA) [ 49 ], and molybdate [ 50 ] can be mentioned. 
These intercalated anionic inhibitors can be released and substituted through an 
anion-exchange reaction by aggressive species such as chloride anions from the 
environment. 

 Positive results in terms of coating stability have been achieved by chloride 
entrapment in layered double hydroxide intercalated with nitrate anions [ 51 ] and 
tungstate [ 52 ]. A  comprehensive model   for inhibitor release and the capture of chlo-
ride ions by hydrotalcite/vanadate in epoxy coating for AA2024 was reported by 
Wang et al. [ 53 ]. Using computational modeling, they found that the most important 
parameter for the performance of this system was the pH dependence of the steady- 
state inhibitor release rate [ 53 ]. Additionally, the inhibitor release rate was also 
infl uenced by the scratch size. For smaller scratches, the inhibition may be com-
plete, whereas increasing the scratch size makes the transportation of vanadate ions 
to the entire scratched area more diffi cult. The change of inhibitor ions by aggres-
sive ions can reduce the chloride concentration in the bulk solution from 100 to 40 
mM after 16.7 h [ 53 ]. 

 In general, the  chloride concentration   determines the rate of inhibitor release from 
the LDH structure. This indicates that it is a chemical process based on an exchange 
reaction between the anionic inhibitor and chloride ions governed by a dynamic 
equilibrium and exchange isotherm [ 20 ,  43 ,  48 ]. For BTSA that was  intercalated in 
magnesium–aluminum-layered double hydroxides using the coprecipitation 
method, it was verifi ed that the release percentage of BTSA was 20 %, 50 %, 53 %, 
and 61 % after 72 h of immersion in an ethanol/water mixture containing 0 %, 0.5 
%, 1 %, and 3 wt% NaCl, respectively [ 43 ]. This fi nding was very promising because 
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the corrosion rate increases with the chloride concentration. EIS measurements 
(Fig.  20.2 ) of carbon steel panels coated with epoxy containing BTSA intercalated 
within LDH revealed that the impedance modulus values after a decrease from 1 h 
to 2 days of immersion in 0.5 mol L −1  NaCl remain stable in the order of 10 9  Ω cm 2 , 
whereas neat epoxy samples underwent a continuous reduction.

   In the study of Ferreira et al. [ 48 ], the composition of the LDH pigments infl u-
enced the anticorrosive behavior. The  AA2024 samples   in chloride solution con-
taining Mg–Al–NO 3  exhibited lower impedance modulus in comparison to those 
observed in panels in Zn–Al–NO 3 , due to additional protection of the aluminum 
alloy by Zn 2+  cations that are released from LDHs into the solution [ 20 ]. Moreover, 
the ratio between the metal cations [M(II)/M(III)] determines the specifi c charge of 
the host layer and consequently the fraction of adsorbed anionic inhibitors [ 44 ]. 

 The inhibitive power also depends on the structure of the organic anion interca-
lated in LDH [ 49 ,  54 ]. The inhibition effi ciency for fi liform corrosion of epoxy- 
coated AA2024 with different inhibitors (anion-exchange hydrotalcite pigments) 
increased in the following order: ethyl xanthate < oxalate < benzotriazolate [ 54 ]. An 
improvement in the barrier properties of the epoxy primer was achieved in the pres-
ence of LDH pigments modifi ed with 3- and 4-aminobenzenesulfonic acid by 
coprecipitation, whereas a deleterious effect in the protection of AA2024 was 
observed with 3,4-dihydroxybenzoic (3,4-HHBA) intercalated into LDH [ 49 ]. The 
authors assumed that Zn 2+  from anodic dissolution of LDH/3,4-HHBA and Cu 2+  
compete for chelation to 3,4-HHBA leading to acceleration of the copper dissolu-
tion and the corrosion process [ 49 ]. 

 The corrosion mechanism of  LDHs   with quinaldate and 2- mercaptobenzothiazolate 
prepared by an anion-exchange reaction has also been investigated [ 20 ]. It was veri-
fi ed that the corrosion inhibition activity of nanocontainers dispersed in aqueous 
solution was highly dependent on the solution pH, with the best anticorrosive 
performance achieved in neutral solution for AA2024 [ 20 ]. Another research 
group evaluated the addition of 2-mercaptobenzothiazole (MBT)-intercalated 

  Fig. 20.2    Bode diagrams obtained after different exposure times to 0.5 M NaCl solution for 
carbon steel coated with ( a ) pure epoxy and ( b ) epoxy containing LDH–BTSA. Reprinted with 
permission from [ 43 ]       
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Zn–Al-layered double hydroxides into epoxy resin [ 55 ]. The overall impedance 
modulus remained almost constant for Q345 steel panels coated with this system 
after 20 days of exposure in 3.5 wt% NaCl solution. Results of this study revealed 
that the MBT anions were released from the LDH to the damaged area and may 
form an inhibitor fi lm on it. This result confi rmed the self-healing ability of the 
MBT/LDH epoxy coating. 

 Two approaches have been proposed in the literature for modifying  LDH  : the 
coprecipitation method [ 43 ,  49 ] and the ion-exchange reaction method following 
LDH synthesis [ 20 ]. The direct synthesis of LHD, whose charge is compensated by 
a negatively charged inhibitor, is carried out in the former. EIS data and visual 
observation showed that Zn–Al–VO 3  LDH prepared by anion exchange was more 
effective at protecting against the corrosion of AA2024 when compared to that pre-
pared by direct synthesis [ 48 ]. 

 Another interesting feature of LHD compounds is their structural memory effect, 
as demonstrated by Buccheit et al. [ 56 ] for a calcined LDH embedded in epoxy 
coatings applied on the AA2024. According to an X-ray diffraction (XRD) analysis, 
when the panels were exposed to 0.5 mol L −1  NaCl aqueous solutions, it took 5 days 
for LDH reconstruction. Thus, calcinated LDH can retard the uptake of water and 
thus serve as a material suitable for sensing early-stage coating degradation. 

 Another strategy for the preparation of a smart coating from LHD is the direct 
synthesis of a lamellar structure onto a metallic substrate [ 57 – 59 ]. With modifi cation 
by phytic acid, in situ prepared  Mg–Al hydrotalcite conversion   coatings on AZ91 
magnesium alloy showed to provide effi cient protection under alkaline conditions 
due to self-healing [ 58 ]. Using coprecipitation followed by a hydrothermal process, 
Chang-Zheng et al. [ 57 ] prepared a molybdate-intercalated hydrotalcite on AZ31 
Mg, which led to the improvement of corrosion performance. Based on the experi-
mental results, the authors proposed a corrosion mechanism model that is illustrated 
in Fig.  20.3 . The fi rst step is the release of anodic inhibitor MoO 4  2−  and the adsorp-
tion and retention of Cl −  ions. The MoO 4  2−  ions can then react with the dissolved 
Mg 2+  to form a protective deposition fi lm, which reduces pitting corrosion.    The 

  Fig. 20.3    Schematic representation of the corrosion protection mechanism associated with the 
hydrotalcite-MoO 4  2−  coating. Reprinted with permission from [ 57 ]       
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HT-MoO 4  2−  and HT-2Cl −  form an effective barrier for the uptake of aggressive 
species, and the pitting corrosion can be healed by an anodic inhibitor and a magne-
sium hydroxide layer, the latter of which is generated by a redox process.

   In addition to releasing inhibitor molecules by trapping aggressive species (such 
as chloride anions) and OH −  ions from a cathodic process through an anion-exchange 
reaction, LDH containers may also be activated/stimulated by changes in pH. The 
LDH framework is unstable in an acidic medium; therefore, the anodic corrosion 
phenomenon can dissolve the host structure and release the guest anticorrosive 
agent [ 47 ,  49 ]. 

 The  drawbacks   of the synthesis of LDH are that it must be performed under a 
nitrogen or argon atmosphere and boiled distilled water must be used to prepare the 
solutions in order to exclude CO 2 , which would otherwise cause the incorporation 
of carbonate into the LDH.  

20.3.2     Cationic Materials 

 Cationic clays and zeolites have also been employed as nanocontainers for organic 
and inorganic inhibitors [ 18 ,  60 – 70 ]. 

  Cation-exchange properties   have been observed in natural clays such as benton-
ite or montmorillonite independently of pH [ 60 ]. Ce 3+  ions exhibited fast release 
kinetics for cerium-modifi ed montmorillonite. When these particles were incorpo-
rated into hybrid sol–gel fi lms deposited onto galvanized steel [ 61 ], the corrosion 
rates were reduced only for a short immersion time (1 h), and the healing effect was 
not clearly observed. However, the strategy of adding neat montmorillonite and 
cerium ions into sol–gel fi lms affords superior corrosion resistance of  aluminum 
  samples in comparison with fi lms containing only montmorillonite [ 18 ]. 

 Advances in the corrosion protection of steel include the addition of  montmoril-
lonite   clay-modifi ed amino trimethylene phosphonic acid [ 62 ] and indole-3-butyric 
acid (IBA) [ 25 ] into epoxy resin. Local electrochemical impedance measurements 
performed on scratched panels revealed the inhibitive action of amino trimethylene 
phosphonic acid at the carbon steel/coating interface [ 62 ]. Nevertheless, superior 
adherence was achieved only for epoxy coatings with IBA-modifi ed clay [ 25 ]. 
According to the authors, the inhibitors can be released with water from montmoril-
lonite or migrate during the drying of the epoxy. Considering that the pKa of IBA is 
4.9, in a subsequent study, these researchers [ 63 ] explained that the IBA release is 
increased from pH 5 because the nitrogen functional group is no longer charged. 
Thus, the interactions between clay and the inhibitor were reduced. 

 In the search for environmentally friendly pigments for paints, Bohm et al. [ 64 ] 
compared the performance of bentonite pigments prepared by cation exchange in 
aqueous solutions of cerium (III) chloride and calcium (II) chloride with commer-
cial calcium (II)-exchanged silica pigment (Shieldex). The pigments were dispersed 
in polyester resin-based primer and applied to galvanized steel. In a  salt spray test  , 
the calcium (II) and cerium (III) bentonite pigments exhibited superior effi ciency 
compared with the commercial pigment for the same pigment volume concentration 
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[ 64 ]. The  aqueous solution   with Shieldex pigments had a pH of 9.1; therefore, such 
pigments induced alkali-catalyzed hydrolysis of the carboxylic ester functions of 
the polyester resin (i.e., degradation of the resin). Conversely, the calcium (II) ben-
tonite pigment had a pH of 6.5, and their intrinsic cation-exchange properties are 
independent of pH, being more effective at carrying the corrosion inhibitor [ 64 ]. 

 Ion-exchanged  zeolites   have been employed as reservoirs in several coatings, 
such as alkyl [ 66 ,  67 ], polyurethane [ 68 ], and sol–gel fi lms [ 69 ,  70 ]. The structure 
of zeolites consists of a network of SiO 4  4−  and AlO 4  5−  tetrahedra that form channels 
and cages with large specifi c surface areas and are neutralized by exchangeable 
cations [ 69 ,  71 ,  72 ]. 

 Deyá et al. [ 66 ] evaluated  modifi ed   zeolites as an anticorrosive pigment for paint. 
The zeolites were modifi ed by ionic exchange in a molybdenyl cation solution. 
From salt spray and electrochemical assays of steel coated with alkyl paint contain-
ing zinc phosphate and modifi ed zeolites, a synergic effect between both pigments 
was observed. As a result, this new pigment allows that the concentration of zinc 
phosphate pigments normally used in paint formulations to be reduced by around a 
factor of 3. According to the researchers, when the electrolyte (NaClO 4 ) and water 
permeate into the paint, sodium cations are exchanged for molybdenyl cations, 
which react with water to produce molybdate anions. The latter species is a good 
inhibitor for steel, due to their formation of a ferrous molybdate layer. After immer-
sion in an electrolyte solution containing modifi ed zeolite, the surface of the steel 
exhibited a cracked fi lm with small spheres containing a high concentration of 
molybdenum, as observed by energy-dispersive X-ray spectroscopy (EDX), thus 
confi rming the proposed mechanism. 

  Sol–gel fi lms   with zeolites bearing nanocontainers for Ce (III) ions have also 
been studied [ 69 ,  70 ]. The extent of release of cerium ions from the zeolite structure 
in 3 % NaCl solution was dependent on the pH. In an acid medium (pH 2.6), the 
release was 69 ± 1 %, whereas at pH value of 8.8, no Ce ions were detected [ 69 ]. The 
corrosion behavior of aluminum alloy AA2024, which is employed in the aerospace 
industry, coated with the zeolite microparticles incorporated in the sol–gel fi lms was 
investigated. As a result of the corrosion process, the pH decreases at anodic areas, 
causing the release of inhibitor due to the exchange mechanism of Ce (III) by Na +  
and K +  ions of the electrolyte solution and the Cu 2+  ions produced by the corrosion 
process [ 70 ]. Subsequently, the Ce (III) ions react with the hydroxide ions formed 
by water reduction, producing a precipitate in the cathodic areas that decreases the 
corrosion rate. Moreover, the authors of that study verifi ed that cerium-modifi ed 
zeolite adsorbs Cl −  ions, which was explained by the formation of an ionic bond 
between Cl −  ions and encapsulated cerium ions and by the trapping of chloride ions 
inside the zeolite structure [ 70 ]. A schematic representation of the corrosion inhibi-
tion propitiated by Ce-enriched zeolite proposed by the authors is displayed in Fig. 
 20.4 . Unfortunately, zeolites increase the pH of the coating, which has detrimental 
effects on the barrier properties [ 70 ].

   The  intrinsic characteristics   of ion-exchange materials allow a small amount of 
cationic or anionic inhibitor to be incorporated in their structure. Nevertheless, the 
availability of a great number of inhibitive species is required to ensure prolonged 
corrosion protection, so that the release occurs during the entire time of exposure to 
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an aggressive environment. Therefore, to compensate for the lower content of 
inhibitor, a large amount of these materials needs to be incorporated into the coat-
ings. However, this sometimes leads to impaired physical properties and therefore a 
reduction in the corrosion protection. 

 During the production of the coating, the cationic and anionic clays can suffer 
exfoliation, thereby losing their ion-exchange properties. Moreover, the size of these 
reservoirs is of fundamental importance because their addition into thin fi lms such 
sol–gel fi lms can, despite their nanometer size, drastically affect the barrier proper-
ties of the coating. The ion-exchange materials exhibit good compatibility with the 
sol–gel matrix but not always with the organic coating. Therefore, its surface can be 
treated by introducing new chemical groups to increase the compatibility. 

 In summary, ion-exchange materials have demonstrated great potential in the 
area of smart coatings; however, some improvements are still required before they 
can be applied commercially in different coatings and metals.   

20.4     Response Based on pH Changes Due to Corrosion 
Processes 

 The local pH change in the corrosive area is one of the most important aspects of the 
corrosion phenomenon. The primary reactions involved in corrosion processes are 
 metallic oxidation   at anodic areas and water or oxygen reduction at cathodic areas 

  Fig. 20.4    Schematic representation of the ion-exchange process on Ce–Na zeolite. Reprinted with 
permission from [ 70 ]       
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generating hydroxyl ions, causing a local alkalization. In contrast, depending on the 
metal, the hydrolysis of metallic cations can occur, producing an acidic pH in the 
anodic region [ 1 ]. Materials that suffer dissolution or momentary distortion at acid 
and alkaline pH have been incorporated in coatings to produce smart coatings. 
Among them,  polyelectrolytes   have shown interesting results. Such systems are 
characterized by macromolecules carrying functional groups that are either charged 
or, under appropriate conditions, can become charged [ 31 ]. The polyelectrolyte 
molecules may be polycations, polyanions, or both, depending on the functional 
groups present [ 31 ,  73 ]. 

 The permeability of  the   polyelectrolyte shell depends on pH. Thus, the local pH 
change on the metallic surface due to the corrosion process induces the opening of 
nanocontainers in the local area. Consequently, the inhibitor is released and sup-
presses the corrosion activity, resulting in the healing of the corroded area [ 74 ,  75 ]. 
When the pH is returned to its initial value, the shell closes and the release of the 
inhibitor stops [ 75 ]. 

 The requirements for the incorporation of polyelectrolyte reservoirs in coatings 
are compatibility with the material of the protective fi lm to prevent fi lm distortion 
and a nanometer-scale size to ensure uniform distribution in the coating [ 75 ,  76 ]. 

 In recent years, the layer-by- layer   (LbL) technique has been used to regulate the 
storage/release of the inhibitor in the nanocontainers. The traditional processing 
method is the deposition of polyelectrolytes of opposite charge from their aqueous 
or nonaqueous solutions onto the surface of the template [ 75 ,  77 ]. The permeability 
of the polyelectrolyte multilayers depends on the nature of the polyelectrolytes [ 78 ]. 

 The  LbL   technique has been employed to produce silica containers loaded with 
corrosion inhibitors. In the initial step [ 76 ], a layer of positive polyelectrolyte 
poly(ethylene imine) (PEI) was deposited on negatively charged silica nanoparti-
cles, followed by a polystyrene sulfonate (PSS) layer, resulting in a negative zeta 
potential (ξ-potential). In the next step, the adsorption of benzotriazole was accom-
panied by a positive shift in the ξ-potential. Finally, the PSS/benzotriazole deposi-
tion was repeated to increase the inhibitor loading in the fi nal LbL structure. This 
system (SiO 2 /PEI/PSS/benzotriazole/PSS) was incorporated into a silica/zirconia 
sol–gel fi lm and evaluated as a corrosion protection system for AA2024. The 
 scanning vibrating electrode technique (SVET) analyses that were carried out 
proved the self-healing effect.  SVET   provided a mapping of the anodic and cathodic 
current along the metal surface. The authors observed that the cathodic current den-
sity induced by the formed defect continuously increases for the sol–gel fi lm with-
out nanocontainers. The behavior of sol–gel fi lm with silica nanocontainers was 
distinct being that the cathodic activity appears only after 24 h of immersion in 
chloride solution and in the following 2 h, a decrease in the local current density 
occurs (Fig.  20.5 ). This effect was due to the release of benzotriazole and its deposi-
tion on the damaged areas, which decreased the corrosion activity. The panels with 
silica nanocontainers on the hybrid matrix, in which was a previously formed defect, 
exhibited a recovery of oxide-fi lm resistance after 60 h of immersion. Such behavior 
was not verifi ed for undoped system; thus, the EIS data reinforced the concept of 
self-healing.
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   Another inhibitor,  2-(benzothiazol-2-ylsulfanyl)-succinic acid  , was incorporated 
into SiO 2  nanoparticles covered by a PEI/PSS/PEI/PSS layer [ 74 ]. The authors veri-
fi ed that the release of the entrapped inhibitor was triggered at pH value of 10.1, 
which was close to the cathodic zone pH value during the corrosion process of the 
aluminum alloy [ 74 ]. The alkaline pH led to a distortion of the polyelectrolyte layer 
structure, which generated the release of inhibitor from the nanocontainers. The 
inhibitor adsorbed on the damaged metallic surface hindered the cathodic and 
anodic processes. Thus, the pH was returned to a neutral value, which closes the 
polyelectrolyte shell until another corrosion attack occurs [ 74 – 76 ]. 

 In another study,  halloysite   was embedded in a polyelectrolyte layer and evalu-
ated as a nanocontainer. Halloysite (Al 2 Si 2 O 5 (OH) 4  ×  n H 2 O) is a two-layer alumino-
silicate with a predominant hollow tubular structure [ 79 ,  80 ] that allows for loading 
with cationic compounds [ 31 ]. Shchukin et al. [ 80 ] produced sol–gel fi lms with 
halloysite nanotubes loaded with 2-mercaptobenzotriazole to investigate their 
effect on the corrosion behavior of AA2024. Approximately 32 % of the inhibitor 
was released from halloysite nanotubes without a polyelectrolyte shell after 10 days 
of storage in neutral water. For the halloysite containing 2-mercaptobenzotriazole 
modifi ed by the LbL deposition of polystyrene sulfonate/polyallylamine hydro-
chloride bilayers, the release was triggered at pH 10, similar to the pH value that 
occurs in the localized corrosion process. Using EIS measurements, the authors 
have shown that the coatings with modifi ed halloysites afford better barrier proper-
ties of the sol–gel matrix and higher low-frequency impedance compared with the 
undoped coating. 

 The  loading capacity   for silica and halloysite nanocontainers is approximately 5 
wt% (i.e., not high enough to ensure long-term protection against corrosion) [ 81 , 
 82 ]. To increase the loading capacity, coatings were formed by the consecutive 

  Fig. 20.5    SVET maps of the ionic currents measured above the surface of the artifi cially defected 
AA2024, coated with an undoped sol–gel pretreatment fi lm ( a ,  c ,  e , and  g ) and sol–gel fi lm with 
SiO 2 /PEI/PSS/benzotriazole/PSS ( b ,  d ,  f , and  h ). The maps were obtained 5 ( c  and  d ), 24 ( e  and 
 f ), and 26 h ( g  and  h ) after defect formation. Scale units: l A cm –2 . Scanned area: 2 mm×2 mm. 
Reprinted with permission from [ 76 ]       
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deposition of polyelectrolyte and inhibitor layers [ 82 ,  83 ]. Delamination was 
observed with direct deposition of polyelectrolyte (PEI and PSS) layers with 
entrapped 8-hydroxyquinoline on an AA2024 surface. When that system was 
applied on top of a sol–gel coating, good adherence was achieved. Furthermore, the 
resistances associated with sol–gel fi lms, oxide layer, and charge transfer processes 
were enhanced compared with sol–gel samples and sol–gel fi lms  containing   
8-hydroxyquinoline [ 82 ]. 

 Another approach for the production of a  feedback coating   is inhibitor encapsu-
lation via oil-in-water emulsifi cation [ 81 ,  84 ]. Polymers based on acrylate deriva-
tives have been proposed for encapsulating triethanolamine [ 84 ] and 
8-hydroxyquinoline [ 81 ] using this approach. Nanometric polymer capsules loaded 
with triethanolamine obtained by sequential emulsion polymerization were added 
to polyurethane resin. The release of triethanolamine from these capsules was faster 
in both low and high pH media than in a neutral environment, which enabled the 
corrosion inhibition of steel [ 84 ]. On the other hand, the encapsulation of 
8- hydroxyquinoline with a cationic polymer based on dimethylaminoethyl methac-
rylate and other neutral methacrylic acid esters generated pH-sensitive particles 
whose release was more pronounced in acidic media [ 81 ]. The  healing effect   of an 
epoxy coating loaded with the pH-sensitive particles modifi ed on AA2024 was con-
fi rmed by localized EIS (Fig.  20.6 ). The normalized average admittance at the cen-
ter of the defects formed on the coatings increased with the immersion time for 
AA2024 coated with a water-based epoxy coating. However, the behavior of the 
same coating with the encapsulated 8-hydroxyquinoline was the opposite due to the 
release of the inhibitor as a consequence of pH acidifi cation [ 81 ].

   In addition to polyelectrolytes, other materials may be stimulated by changes in 
pH, namely, hydroxyapatite [ 85 ], halloysite [ 86 ], hollow mesoporous zirconia 
nanospheres [ 87 ], hollow mesoporous silica particles combined with supramolecu-
lar complexes [ 88 ], TiO 2 –casein [ 89 ], and CaCO 3  microbeads [ 90 ]. 

 The  storage/release   of the inhibitor employing the LbL deposition approach is an 
attractive method for the production of smart self-healing anticorrosion coatings. The 
early stages of corrosion are combatted by release of the corrosion inhibitor, which in 
turn is regulated by the permeability of polyelectrolyte assemblies based on local pH 
changes due to the initial cathodic and anodic corrosion processes. Nevertheless, this 
method encompasses complex technologies whose industrial implementation would 
be highly demanding and is therefore still restricted to the lab scale.  

20.5     Other Trigger Mechanisms 

  In recent years, studies exploring the concept of self-repairing with other materials 
have also been reported. 

 In conductive polymer coatings,  the   galvanic coupling between the metal and the 
coating is the driving force for releasing the dopant, which acts as an inhibitor [ 91 ,  92 ]. 
For instance, Kendig et al. [ 92 ] verifi ed that anion-doped polyaniline fi lms inhibited 
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the corrosion of AA2024 at a scratch due to the release of the dopant. According to 
the authors, when the coating was fractured, the oxidized PANI fi lm containing 
inhibiting anions (the dopant) became a cathode and the metal scratch an anode. The 
anodic corrosion reaction drives the reduction of the fi lm and consequently the 
release of the inhibiting anions. 

 A new mechanism based on the laser-driven release of inhibitors from loaded 
materials was reported in 2009 for AA2024 coated with zirconia–organosilica fi lms 
[ 93 ]. A polyelectrolyte shell with noble metal particles was applied on mesoporous 
titania and silica particles loaded with benzotriazole via LbL assembly and added 
into a zirconia–organosilica matrix. The polyelectrolyte multilayer shell was modi-
fi ed with silver nanoparticles, which act as absorption centers for energy supplied 
by the laser beam. These absorption centers cause local heating that locally disrupts 
the polymer shells, inducing the release of benzotriazole stored in the container. 

  Fig. 20.6    LEIS maps of AA2024 coated with reference coating ( a – d ) and coating containing 
encapsulated 8-hydroxyquinoline using a cationic polymer ( e – h ). The maps were obtained over an 
artifi cial defect. Reprinted with permission from [ 81 ]       
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 Oxide nanoparticles [ 94 – 96 ], nanostructured porous oxide layer [ 97 ], and 
β-cyclodextrin-inhibitor complexes [ 98 ,  99 ] have been explored as prospective res-
ervoirs for corrosion inhibitors. The general mechanism can be explained as slow 
release of the inhibitor from containers and the self-healing of corrosion defects. 

 The development of spectroscopic sensors based on color changes and fl uores-
cence has been reported in several works, the aim of which is to indicate the early 
stage of the corrosion process [ 100 – 103 ]. In these attempts, pH-sensitive com-
pounds such as bromothymol blue [ 100 ] and phenolphthalein [ 100 ,  101 ] were 
incorporated into the coatings. Due to pH increase at cathodic areas during the cor-
rosion process, such compounds change color. Another corrosion-sensing approach 
utilizes the interaction between a smart indicator and metal ions produced by metal 
oxidation, leading to fl uorescence in these areas [ 103 ]. 

 Evaluation of the corrosion behavior of AA2024 coated with methyltrime-
thoxysilane (MTMS) and tetraethyl orthosilicate (TEOS) sol–gel fi lms containing 
or not containing encapsulated tannin was completed. The results showed that, with 
the direct incorporation of tannin in the sol–gel fi lms, the lixiviation occurs, leading 
to similar corrosion behavior to that which was observed for panels coated only with 
sol–gel matrix. The EIS data of aluminum alloy coated with sol–gel fi lms contain-
ing tannin encapsulated by different sol–gel routes after 24 h and 168 h of immer-
sion in 0.05 mol L −1  are depicted in Fig.  20.7 . The Bode diagrams are characterized 
by the presence of two time constants of approximately 10 3.5  and 10 0.5  Hz, which are 
related to the silica layer on the metallic surface and the interfacial layer composed 
of aluminum oxide and metalosiloxane bonds, respectively. The results indicated 
that the sol–gel route employed to encapsulate the tannin compounds had a funda-
mental role in the corrosion behavior of samples. The overall impedances for fi lms 
containing encapsulated tannin were higher than those of samples coated only with 
MTMS/TEOS fi lms. Nevertheless, route C provided the best corrosion protection 
performance due to the more controlled release of tannin. The obtained results are 
very promising, and this system may constitute a new approach for providing long- 
term corrosion protection. 

  Fig. 20.7    Bode diagrams of AA2024 coated with undoped MTMS/TEOS and MTMS/TEOS 
doped with tannin encapsulated via acid and alkaline sol–gel routes after 24 h and 168 h of immer-
sion in 0.05 mol L −1  NaCl       
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20.6        Conclusion 

 Intense academic research concerning smart coatings for corrosion protection has 
been developed with a primary focus on self-healing coatings, which enable the 
release of a corrosion inhibitor or healing agent in a controlled manner. A variety of 
stimuli can induce the release of active agents, such as corrosion, which cause local 
pH changes, characteristics of the medium that lead to ion-exchange reactions, and 
the formation of cracks in degraded coatings due to UV exposure, temperature, or 
mechanical stress. Smart coatings undoubtedly possess interesting benefi ts for pro-
longing the lifetime of coatings. Nevertheless, its limitations are clear and depen-
dent on the characteristics of the nanocontainer, namely, a small loading capacity, 
release kinetics that are not completely understood, reduction of the coating’s physi-
cal properties, and effective cost/performance. Due to these drawbacks, further 
research and improvement of smart coatings is still required and remains a techno-
logical gap that must be closed prior to wide industrial implementation. The perfor-
mance of smart coatings depends on the coating matrix, employed metal, and type 
of nanocontainers (i.e., its mechanism of action). Perhaps, the combination of nano-
containers with different mechanisms of action will emerge as a more effective 
device for decreasing the corrosion rates of metals.     
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Chapter 21
Smart Textile Supercapacitors Coated 
with Conducting Polymers for Energy Storage 
Applications

Nedal Y. Abu-Thabit and Abdel Salam Hamdy Makhlouf

Abstract Over the last few years, the development of nanotechnology has resulted 

in generation of new materials and innovation for a wide range of applications and 

products. Among these applications, textile industry is expected to hold a consider-

able potential for the development of advanced nano-based materials. For example, 

nanotechnology enabled the production of novel smart “multifunctional” textiles 

with combined properties in one fabric. Conductive textiles represent a key class of 

smart textiles with promising future’s applications in areas such as electronic tex-

tiles, display devices, health monitoring devices, thermal and moisture manage-

ment, flexible energy storage, and power generation devices. Recently, a remarkable 

attention has been devoted to the development of textile supercapacitor for energy 

storage and wearable electronics applications. Supercapacitor textiles offer advan-

tages such as lightweight, flexibility, stretchability, and ease of integration with 

electronic textiles. Different approaches have been investigated for fabrication of 

smart conductive textiles for supercapacitor applications. Among these approaches, 

textiles coated with electrically conducting polymers (ECPs) are one of the most 

promising and facile approaches for fabrication of textile supercapacitors. ECP- 

coated textiles are characterized with high specific capacitance through fast redox 

reaction ease of integration into planar, flexible, and stretchable textile substrates 

with various shapes and large areas, thin film fabrication with controlled nanostruc-

tured morphology, and applicability for fabrication of composite and asymmetric 

textile supercapacitors. This chapter highlights the recent advances and develop-

ments in the fabrication of ECP-based textile supercapacitors, including different 
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types of pure ECPs and their composites with other conducting materials for 

 preparation of hybrid supercapacitors with superior performance for textile super-

capacitor applications.

Keywords

21.1  Introduction

21.1.1  Smart Textiles

Smart textiles are defined as textile products such as fibers, filaments, and yarns 

together with woven, knitted, or nonwoven structures, which can interact with the 

environment/user [1]. Smart textiles are attracting a great interest due to their versa-

tile functionalities and capabilities of sensing, actuating, responding to external 

stimuli, communicating, power generation, and storage, whereby health monitor-

ing, safety, and protection can be endorsed. Indeed, increasing competition in the 

textile industry has been observed after the introduction of the concepts “smart tex-

tiles” and “ultrasmart textiles.” During the period between 1995 and 2011, the 

global growth of technical textiles market was estimated to be 133 billion USD [2]. 

This extraordinary growth is attributed to the recent development and integrated 

expertise on nanotechnologies, material science, electronics, and manufacturing 

processes. As depicted in Fig. 21.1, smart textiles have been utilized for a wide 

range of applications including stimuli-responsive textiles [3, 4], antibacterial tex-

tiles [5, 6], flame retardant textiles [7–10], shape-memory textiles [11–13], textiles 

for engineered membranes [14], personal thermal management textiles [15], mois-

ture management textiles [16–18], self-cleaning textiles [19–22], and smart conduc-

tive textiles [23, 24].

21.1.2  Smart Conductive Textiles

As can be inferred from Fig. 21.1, smart conductive textiles represent an important 

class of smart functional textiles due to their wide range of possible applications and 

technologies including luminescent textiles [25–27], photovoltaic devices and dye- 

sensitized solar cells [28–31], Li-ion batteries [32–37], supercapacitors [38–45], 

transistors [46–49], sensors [50–53], biosensor [54–56], display devices [57–59], 

water purification [60–65], and personal thermal management [66, 67]. The key 

requirement for successful use of smart conductive textiles in each of the above- 

listed applications depends on their electrical conductivity.
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According to their electrical conductivity, textiles can be classified into conduc-

tive and nonconductive categories. Conductive textiles are those textiles which 

exhibit inherent electrical conductivity such as metal-based textiles (mainly knitted 

wire meshes) and carbon-based textiles, whereas the nonconductive textiles include 

natural and synthetic polymeric fibers and textiles. Metal textiles have high electri-

cal conductivities and lack important features such as flexibility, stretchability, 

lightweight per unit area, and resistance to atmospheric oxidation. The aforemen-

tioned missing features are inconsistent with the materials and geometries that are 

required for conductive textiles, because the incorporation of metal wires within 

textiles increases stiffness and reduces elasticity [1]. Therefore, metal-based textiles 

are expected to have limited applications and uses in areas such as wearable elec-

tronic textiles (“e-textiles”) and flexible textiles for energy and environmental 

applications.

The most used and commercialized carbon-based textiles are made from gra-

phitic carbon and are known as carbon cloth (CC) [68, 69]. Compared to metals, 

carbon-based conductive textiles offer features such as flexibility and stability with 

respect to atmospheric oxidation.

Textiles made from natural or synthetic polymer fibers are prepared by using 

different technologies such as gel spinning, melt spinning, wet spinning, dry spin-

ning, and electrospinning techniques. Natural and synthetic polymeric fibers offer 

Fig. 21.1 Applications of smart textiles
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advantages such as a wide range of selection, low cost, flexibility, stretchability, 

durability, lightweight, porosity, good tensile and elastic properties, good moisture 

management, and thermal management properties. However, natural and synthetic 

fibers/textiles are nonconductive and do not allow for the flow of electricity through 

their structure. The insulation feature of these textiles can be recognized from the 

electrical properties of the corresponding neat polymers that exhibit high electrical 

resistivity values and low dielectric constants [70, 71]. The inability of nonconduc-

tive textiles to transport electrical current is accompanied by their ability to gener-

ate static electricity that allows electrical charges to remain fixed on the textiles’ 

surface. The stored static electricity can cause problems during textile processing 

and end-user applications due to the electrostatic discharge. The introduction of 

conductive textile materials provides a solution to the aforementioned problem 

through transport and dissipation of the electrical charges.

Conductive textile can be made directly by converting a nonconductive woven/

nonwoven textile into a conductive one or indirectly by using different conductive 

fibers and converting them into conductive textiles through a knitting or weaving 

process. A general overview for various direct and indirect techniques used for 

preparation of conductive textiles will be highlighted in Sect. 21.2.

21.1.3  Smart Conductive Textiles for Energy Applications

Recently, the interest in smart electronic textiles for medical, sports, military, and 

energy applications has increased markedly [1, 72]. Electronic textiles offer 

advantages such as low cost, lightweight, stretchability, and flexibility to be inte-

grated into variously shaped structures that would otherwise be impossible with 

traditional electronics technology. Currently, most wearable e-textiles are made 

by the attachment of electronic devices onto the textile surface [1]. However, such 

detachable devices still need to be flexible. This limitation can be overcome by 

the direct fabrication of devices into the textile/fabric. The rough surface of tex-

tiles makes this task extremely challenging for fabrication of many electronic 

devices [73]. Regardless, the large surface roughness property of textiles is pre-

ferred by other energy devices such as supercapacitors and Li-ion batteries [73]. 

In such devices, the surface roughness and porosity of the conductive textile elec-

trodes provide an ideal situation for manipulation of ion movements between two 

sides of the fabricated device.

This chapter provides a brief description of various methods for preparation 

of conductive textiles (Sect. 21.2), including the use of metals, carbons, electri-

cally conducting polymers (ECPs), and other recent proposed technologies for 

preparation of functional conductive textiles. Section 21.3 provides a general 

background on electrochemical supercapacitors as an emerging technology for 

energy storage devices. Section 21.4 highlights the recent advances in the utili-

zation of ECPs for preparation and fabrication of flexible supercapacitor textiles 

for various applications.
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21.2  Preparation of Conductive Textiles

21.2.1  Coated Conductive Fibers and Textiles

Electrically conductive fibers and textiles can be produced by coating the fibers with 

conductive materials such as metals, metallic salts, metal oxides, or ECPs. Coatings 

can be applied to the surface of fibers, yarns, or even fabrics to create electrically 

conductive textiles. The main textile coating methods include electroless plating, 

chemical vapor deposition (CVD), atomic layer deposition (ALD), and sputtering 

as well as coating with ECPs and conductive inks.

21.2.1.1  Sputtering

Sputtering is an established technique that enables the use of a variety of metals, 

polymers, metal oxides, or mixtures thereof. However, the sputtering process for 

functionalization of textiles is expensive and usually performed on the side facing 

the target which prevents the deposition of the functional coating onto the inner lay-

ers of thick textile materials [74]. In sputtering process, a good adhesion between 

the sputter-coated layer and the fibers can be obtained by increasing the thickness of 

the deposited layers which may be critical for the final use and application in cases 

such as that of wearable electronic textiles [74].

21.2.1.2  Evaporative Deposition Techniques

Evaporative deposition techniques, such as CVD and ALD, offer a practical way for 

preparation of textiles with conductive functionality [74]. However, these tech-

niques are expensive when scaling-up the technology and require the use of rela-

tively high temperatures which may not be suitable for the commodity textiles used 

in daily life applications [74]. The thickness of the deposited film is very critical for 

the adhesion of the deposited conductive film. Higher thicknesses are susceptible to 

cracking and lower thicknesses may not provide uniform conductivity [75]. One of 

the challenges in case of the ALD technique is the chemistry and requirements of 

the employed precursors. For example, the precursors must chemisorb onto the sub-

strate to be coated, and they must have a reasonably high vapor pressure to allow 

saturation of the chamber volume upon dosing [76]. The precursors must have a 

good thermal stability so as to avoid decomposition in the subsequent steps [76].

21.2.1.3  Electroless Plating Technique

Electroless plating technique is the simplest one and does not require electrical 

energy. However, the electroless plating process is carried out under high- or low- pH 

conditions which impose a deterioration effect on the treated fibers and textiles [74]. 
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The presence of impurities during the electroless plating process can cause pitting 

and reduced ductility, adhesion, and roughness [74]. The adhesion of the metal par-

ticles exhibits a moderate strength on the surface of the fabric which may be peeled 

off when the plated metal is exposed to the air. The whole process of electroless 

plating is a multistage process which requires the use of complex chemicals and 

generates a lot of chemical waste.

21.2.1.4  Electrically Conducting Polymer Coatings

Coatings offer advantages such as their suitability for different synthetic and natural 

fibers as well as good electrical conductivity without significantly altering existing key 

substrate properties such as density, flexibility, and handling. However, in case of metal 

coatings discussed above, the adhesion between the metal and the coated fibers/textiles 

as well as corrosion resistance are challenging for the final use and application.

ECPs offer an alternative approach for coating various types of textiles, fibers, 

and fabrics. The coating process is simple and fast and does not require complicated 

or long procedures. The coating of ECPs is cost-effective; does not have restrictions 

related to substrate shape, type, surface chemistry (i.e., hydrophobic/hydrophilic), 

and fiber type (i.e., woven/nonwoven); and can be done at temperatures less than or 

equal to room temperature. Compared to the evaporative deposition techniques, the 

coating process of ECPs covers all the internal microfibrils of the coated fibers/

textile. This advantage ensures the homogeneity of the whole coating and provides 

a more uniform coating which is critical for its performance during the end-use 

applications. The mechanical properties and physical appearance of the ECP-coated 

fibers and textiles are not affected, and they are not susceptible to cracking like 

metal and metal oxide coatings. Hence, the flexibility and integrity of the coated 

fibers and textiles are not affected by physical forces such as bending and stretching. 

Although the conductivity of the ECP coatings is much less than that of metal coat-

ings, the conductivity of the ECP-coated textiles can be controlled and tailored by 

controlling parameters such as concentrations of monomers, temperature, doping 

agents, and the nanostructured morphology of the ECPs (e.g., arrays of nanowires) 

[77]. All the abovementioned advantages of ECP coatings make them suitable can-

didates for the preparation of functional smart conductive textiles for various appli-

cations and device fabrication.

ECPs can be prepared mainly by two methods, electrochemical polymerization 

and oxidative chemical polymerization (OCP) [78]. However, electrochemical 

polymerization can be used only for coating conductive substrates such as carbon- 

based materials and metals [79, 80]. Also, electrochemical polymerization is not 

suitable for the bulk production of conductive polymers and is not suitable for con-

trolled preparation of films with thicknesses above 100 μm. However, the electro-

chemical polymerization methodology can be employed using different scan rates 

for obtaining ECPs with different nanostructured morphologies [81, 82]. On the 

other hand, the OCP, which is often called redox polymerization, is more versatile 

and can be used for both conductive and nonconductive substrates, which makes it 

a good choice for the preparation of a wide range of conductive textiles. OCP offers 
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the advantage of controlling the morphology of the nanostructured conductive coat-

ing by adjusting the nucleation and growth chemistry during the chemical polymer-

ization process [77, 83]. Since the ECPs are polyelectrolytes, textiles can be coated 

with ECP polyelectrolytes through the layer-by-layer coating methodology [84, 85]. 

In addition, ECPs can be prepared by using an interfacial polymerization technique 

which is very useful for deposition of thin film coatings with controlled nanofiber 

morphology [86–88]. ECPs with a nanofiber morphology can be obtained by 

approaches such as the use of template polymerization [82, 89–92], templateless 

polymerization [93], seeding polymerization [94], oligomer-assisted polymeriza-

tion [95], dilute polymerization [96, 97], and surfactant-assisted polymerization 

[98] and using different oxidants such as vanadic acid [99] and silver nitrate [61]. 

Similarly, ECPs with nanowire morphology can be obtained by using template or 

templateless polymerization methods [77]. In addition to chemical and electro-

chemical polymerization, ECPs can be incorporated into various textiles by the 

vapor phase polymerization (VPP) technique [40, 100–102].

21.2.2  Conductive Ink Coatings

Compared to metal coatings, the use of conductive Nanoink, such as carbon nano-

tubes and graphene, allows for retaining the porous structure of the textile without 

blocking the external surface of treated textiles [73]. Conductive inks can be used 

for preparation of conductive textiles and fibers by one the following methods.

21.2.2.1  Dip-Dry Coating

Dip-dry coating is a very simple and quick method that can be applied to different 

types of textiles and fibers. The target textile must possess a good porosity to absorb 

the maximum amount of the ink solution. Cotton-based conductive textiles, which 

are highly porous and hydrophobic, are easily prepared by the dipping-drying pro-

cedure. The ink is prepared from a dispersion containing the conductive ingredient 

(e.g., carbon nanotubes, graphene oxide, graphene, graphite, or carbon black) with 

dispersing agent or surfactant and the usual solvent used is water. The conductivity 

of the textile substrate depends on the number of dipping cycles. The final step 

requires washing out the employed dispersing surfactant to maintain the maximum 

conductivity and to clean up the coated substrate.

21.2.2.2  Inkjet Printing

Direct printing with an inkjet printer is a material-saving, high-speed, and low-cost 

process. The inkjet printing process is more challenging than simple conformal coat-

ing with dispersible ink. Different types of conductive inks can be used including 

colloidal suspensions of nanoparticles [103], organometallic compounds in solution 
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[104], conductive polymer dispersions [105–107], carbon nanotube dispersions 

[108–110], graphene [107, 111–113], and graphene oxide [114] dispersions. 

Regardless of the type of ink employed, the inks should satisfy the following require-

ments to be used for conductive inkjet printing [1, 113, 115, 116]:

High electrical conductivity.

Stability toward oxidation in air (e.g., silver and gold are stable; copper and 

nickel are easily oxidized in air).

Dry out without clogging the nozzle during printing.

Good adhesion to the substrate.

Ink shall not agglomerate and clog the nozzles (stable dispersion).

Solvent properties (nontoxic solvent, solvent with reasonable viscosity at room 

temperature).

Solvent must readily evaporate once deposited but not so fast that it dries out at 

the nozzle when idle, causing nozzle clogging.

Fluid properties of the formulated ink such as viscosity, density, and surface 

tension.

21.2.2.3  Reactive Inkjet Printing

An alternative way to fabricate conductive textiles and fibers using inkjet printing 

involves the deposition of two inks, which react to form the conductive material 

[115]. The main advantage of this reactive inkjet printing technique is that it allows 

different materials to be selectively produced or removed [115]. For example, Li 

et al. [117] have utilized the reactive inkjet printing methodology for the preparation 

of copper conductive ink. The reactive ink solution was prepared from a copper 

citrate solution acting as a metal precursor and a sodium borohydride solution act-

ing as a reducing agent. Recently, Walker and Lewis employed the reactive ink 

technique for the preparation of silver ink with high conductivity similar to that of 

bulk silver [116]. The preparation procedure was simple and based on the modified 

Tollens’ process [116].

21.2.2.4  Screen Printing

Screen printing is useful for fabricating electrics and electronics due to its ability to 

produce patterned, thick layers from paste-like conducting materials. The screen 

printing technique, a stencil process, includes the printing of a viscous paste through 

a patterned fabric screen which is then followed by a drying step. However, screen 

printing using thick conductive ink pastes for the production of conductive textiles 

has not been thoroughly investigated or employed due to it being both labor and 

capital intensive and may cause production delays when designs are modified or 

changed over [118]. Recently, Kazani et al. [119] employed silver ink paste for 

screen printing on different conductive woven textile substrates including cotton, 

polyester, polyamide, and viscose. It was found that the square resistance of the 
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printed samples remained high enough even after the washing process. After 20 

washes, the printed conductive layer that was covered by a protective polyurethane 

(PU) thin layer was stable compared with the uncovered samples which showed 

cracks and peeling of the printed conductive layer.

21.2.3  Conductive Textiles from Conductive Fibers

An alternative approach for preparation of conductive textiles is by the knitting and 

weaving of conductive fibers. Various conductive fibers can be used such as carbon- 

based conductive fibers, ECP-based conductive fibers, and metal fibers. The main 

factor that limits the applicability of certain conductive fibers for the fabrication of 

conductive textiles is their ability to withstand the weaving/knitting processes with-

out being broken apart. This means that the conductive fibers should have enough 

tensile strength without being brittle when contorted through the knitting machine.

21.2.3.1  Carbon-Based Conductive Fibers

Due to the recent advances in nanotechnologies, different types of carbon-based 

fibers have been fabricated such as carbon nanotube fibers (CNFs) [120–122], gra-

phene fibers (GFs) [123, 124], graphene oxide fibers (GOFs) [125], graphene- 

carbon nanotube composite fibers [126, 127], and silver-doped graphene fibers 

[128]. The former processes are expensive, complicated, and not yet scaled up to a 

commercial level. A detailed description and discussion for the preparation of 

carbon- based conductive fibers can be found in literature [129].

21.2.3.2  ECP-Based Conductive Fibers

ECPs are a class of polymers with a fully conjugated aromatic backbone structure. 

The full delocalization of π electrons provides the unique feature of electrical con-

ductivity for this class of polymers. However, due to the high aromaticity of ECPs, 

they possess a rigid backbone structure, which makes them available in relatively 

low molecular weight forms, so much so that the elasticity of their solutions is gen-

erally insufficient for the direct spinning or electrospinning of their fibers. However, 

there are some reports describing the preparation of ECP fibers by spinning, coaxial 

spinning, and electrospinning [130–136].

21.2.3.3  Twisted Conductive Fibers

Conductive textiles can be made by the integration of conductive yarns in a textile 

structure [1]. This was achieved by twisting metal wires into a fabric textile. 

However, the integration of conductive yarns in a fabric structure is a complex 
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process, and the resulting conductive fabrics were hard, rigid, and uncomfortable 

for electronic textiles and wearing applications [1].

21.2.3.4  Biscrolled Conductive Fibers

A new technology was recently developed for preparation of smart functional fibers 

based on the biscrolling technique by incorporating functional guests into yarns 

[137, 138]. The fabrication process of biscrolled yarns involves the twist-based 

spinning of CNT sheets (the host) that are overlaid with a layer of up to 99 wt% of 

one or other functional materials (the guest). The guest-host bilayers were scrolled 

into biscrolled yarn in such a way that the minor CNT sheet concentration confined 

guest powders down to nanometer-scale proximity in the scroll galleries. The guest 

material can be deposited into the host CNT sheets by electron beam evaporation, 

sputtering, exposure to an aerosol formed by gas-phase reaction, or simple filtration- 

based guest deposition. The main advantage of this technology relies on its ability 

to incorporation versatile functional guest materials in different applications [137]. 

The biscrolled yarns can be knotted and sewn with potential applications in various 

smart textiles.

21.2.3.5 Welded Conductive Fibers

Recently, Jost et al. [139] employed a technology called “natural fiber welding” 

[140] (NFW) for the preparation of conductive yarns in knittable textile superca-

pacitor applications. As illustrated in Fig. 21.2, the NFW process employs activated 

carbon as the conductive material embedded into cellulose yarns (cotton, linen, 

bamboo, or viscose) being swelled in an ionic liquid (IL) solution. This step is fol-

lowed by removal of the IL by washing it in water as anti-solvent and, finally, twist-

ing the activated carbon-NWFs with a highly conductive stainless steel yarn. The 

prepared conductive cotton yarns were too brittle and broke apart during the knit-

ting process. In contrast, conductive yarns made from linen, bamboo, and viscose 

were knitted successfully into fabric textiles and utilized for making a knitted 

stretchable supercapacitor device as shown in Fig. 21.3.

21.3  Capacitors for Energy Storage Devices

21.3.1  Conventional Capacitors

Conventional capacitors consist of two conducting electrodes separated by an insu-

lating dielectric material. When a voltage is applied to a capacitor, opposite charges 

accumulate separately on the surfaces of each electrode, which results in the 
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Fig. 21.2 Schematic illustration of the natural fiber welding process for preparation of conductive 

fibers. Reproduced with permission from [139]

Fig. 21.3 Photographs of knitted samples: (a) photograph of a flat knitted supercapacitor, (b) 

photograph of knitted supercapacitor while stretched. Reproduced with permission from [139]
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generation an electric field that allows the capacitor to store energy. The ratio of the 

stored (positive) charge (Q) to the applied voltage (V) is called capacitance (C):

 
C =

Q
V  

(21.1)

For conventional capacitors, C is directly proportional to the surface area (A) of 

the electrodes and inversely proportional to the distance (D) between the 

electrodes:

 
C

D
= e e0 r

A

 
(21.2)

where

ε0 = dielectric constant “permittivity” of the space and

εr = dielectric constant of the separating “dielectric” material.

The main attributes of the capacitor are “energy density (E)” and “power density 

(P).” For both (E) and (P), the density can be calculated as quantity per unit mass or 

unit volume. The stored energy (E) is defined as:

 
E CV=

1

2
2

 
(21.3)

where P is the energy consumed per unit time. In order to determine the power, one 

has to consider that the capacitor is represented as a circuit in series, with an external 

load/resistance (R). Also, there is a contribution from the internal components of the 

capacitor (e.g., current collectors, electrodes, and dielectric materials), which is mea-

sured in aggregate by a quantity known as the equivalent series resistance (ESR). 

The voltage during discharge is determined by these resistances. When measured at 

matched impedance (R = ESR), the maximum power for the capacitor Pmax is

 

P
V

xESRmax =
2

4
 

(21.4)

From Eq. (21.4), it is clear that as resistance increases, the capacitor becomes 

less efficient providing lower power densities.

Compared with electrochemical batteries and fuel cells, conventional electro-

static capacitors exhibit relatively high power densities but relatively low energy 

densities (Fig. 21.4). Hence, a battery can store more total energy than a capacitor, 

but it cannot deliver it very quickly, which means its power density is low. On the 

other hand, capacitors store relatively less energy per unit mass or volume, but the 
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stored energy can be discharged rapidly to produce a lot of power, so their power 

density is usually high.

21.3.2  Supercapacitors

Supercapacitors, often called electrochemical capacitors (ECs), are governed by the 

same basic principles as conventional electrostatic capacitors. However, they incor-

porate electrodes with much higher surface areas (A) and much thinner dielectrics 

that decrease the distance (D) between the electrodes. Thus, from Eqs. (21.2) and 

(21.3), it can be inferred that supercapacitors are able to reach higher values for both 
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capacitance and energy. In addition, supercapacitors can reach comparable power 

densities to those of the conventional capacitors by maintaining low values of 

ESR. Supercapacitors have several advantages over electrochemical batteries and 

fuel cells, including higher power density, shorter charging times, and longer cycle 

and shelf lives [142].

The electrochemical performance of supercapacitors can be described by 

specific capacitance, which can be considered the most important characteristic 

of a supercapacitor indicating its capability of storing charges. The specific 

capacitance (Csp) is calculated from the charge–discharge curve according to the 

following equation:

 
C

i

m V tsp =
2

D D/  
(21.5)

where m is the mass, which is usually specified to active materials, one electrode 

or entire device; i is the charge and discharge current and usually fixed during 

the tests; and ΔV is the applied voltage window during tests. The upper limit of 

voltage depends on the type of the employed electrolyte. Generally, a water-

based electrolyte has a voltage maximum of 1.2 V (and usually charged to 1.0 

V) which is the decomposition voltage of water. However, organic electrolytes 

allow for higher charge voltages. The capacitance is impervious to voltage win-

dow but dictated by the scanning rate, ΔV/Δt, which is the slope of the charge–

discharge curve.

21.3.3  Electrochemical Capacitors

Different than conventional electrostatic capacitors (sometimes called film capaci-

tors or film dielectric capacitors) which store charges in an electric field imposed 

across a thin layer of dielectric material, ECs store charges at the electrochemical 

interfaces between the high surface area, porous electrode material, and the electro-

lyte. The effective capacitance of ECs is typically a few orders of magnitude higher 

than those resulting from electrostatic capacitors which is attributed to the large 

specific surface area of the porous electrodes (≈500–2000 m2 g−1 for ECs) and the 

shorter path length between the electrode and the electrolyte ions (in order of nano-

meter) [143]. According to the used energy storage mechanism, ECs can be classi-

fied into the following three categories.

21.3.3.1 Electrochemical Double-Layer Capacitors

In case of electrochemical double-layer capacitors (EDLCs), charges are stored 

electrostatically via ion absorption at the electrode/electrolyte interface. Carbon- 

based materials with high surface areas are the most commonly used electrode 
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materials for EDLCs [73, 144–146]. Due to their fast and near-surface electro-

chemical process, EDLCs have the ability to provide very high power and pos-

sess an excellent cycle life. However, the energy stored in EDLCs is often limited 

by the finite electrical charge separation at the interface of electrode/electrolyte 

and by the working voltages that is primarily determined by the stable potential 

window of the used electrolyte.

21.3.3.2 Pseudocapacitors

In contrast to EDLC, pseudocapacitors employ fast and reversible faradic processes 

(redox reactions) at the surface of electroactive materials for charge storage. Faradic 

electrodes provide higher specific pseudocapacitance values (≈300–1000 F g−1) that 

exceed the specific capacitance of double-layer charge storage devices using carbon- 

based materials (100–259 F g−1). Typical active pseudocapacitive materials are tran-

sition metal oxides [147–150] and ECPs such as polyaniline (PANI), polypyrrole 

(PPY), and polythiophene (PTH) [77, 151, 152].

21.3.3.3 Hybrid Capacitors

Hybrid capacitors try to exploit the advantages and mitigate the disadvantages of 

EDCs and pseudocapacitors to achieve better performance characteristics. 

Utilizing both Faradaic and non-Faradaic processes for charge storage, hybrid 

capacitors have achieved greater energy and power densities than EDCs without 

affecting the cycling stability and affordability that have limited the success of 

pseudocapacitors. Depending on the used electrode configuration, three different 

types of hybrid capacitors can be recognized which are composite, asymmetric, 

and battery type, respectively.

Composite ECs

Composite electrodes utilize a combination of two or more different materials of 

the following main categories: ECPs, metal oxides, and carbon-based materials. 

The hybrid composite materials integrate both physical and chemical charge stor-

age mechanisms in a single electrode. The carbon-based materials provide a 

capacitive double layer of charge with an accessible high surface area that 

increases the contact between the deposited pseudocapacitive materials and elec-

trolyte. The pseudocapacitive materials provide increases in the capacitance 

through Faradaic reactions.
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Asymmetric ECs

Asymmetric hybrids combine Faradaic and non-Faradaic processes by coupling an 

EDC electrode with a pseudocapacitor electrode. In this case, the negative electrode 

will use carbon-based materials and the second positive electrode will use ECPs or 

metal oxides. The lack of an efficient, negatively charged, conducting polymer 

material has limited the success of conductive polymer pseudocapacitors. The 

implementation of a negatively charged, activated carbon electrode attempts to 

avoid this problem. Asymmetric hybrid capacitors that couple these two electrodes 

are expected to achieve higher energy and power densities than comparable EDCs 

along with better cycling stability than comparable pseudocapacitors.

Battery-Type ECs

Battery-type hybrids couple two different electrodes, a supercapacitor electrode 

with a battery electrode. This specialized configuration addresses the need for 

higher-energy supercapacitors and higher-power batteries, combining the energy 

characteristics of batteries with the power, cycle life, and recharging times of 

supercapacitors.

21.4  Materials for Textile Supercapacitors

As discussed previously (Sect. 21.3.3), the research efforts for making supercapaci-

tors were directed into utilizing three categories of materials: highly conductive 

carbon-based materials with a large surface area, transition metal oxides, and ECPs. 

Various methods for preparation of conductive textiles utilizing different carbon- 

based material and ECPs were also discussed earlier (Sect. 21.2). The use of nano-

materials, such as CNTs and graphene, is expected to improve energy storage 

devices because the size reduction of materials will increase the contact surface 

area between the electrode and the electrolyte and decrease the length of the trans-

port path for both electrons and ions [77]. Recently, several smart conductive tex-

tiles based on carbon materials have been investigated as flexible supercapacitors 

including spun carbon nanotube (CNT) yarns [44], CNT-based smart textiles [73, 

153], CNF-based flexible supercapacitors [154], and CNT-based composite textile 

supercapacitors [155–157]. However, the performance of these ECs is limited by 

their inherently low specific capacitance [158]. On the other hand, pseudocapaci-

tors based on transition metal oxides and ECPs showed very high capacitance 

behavior (Fig. 21.5). This section discusses the recent advances in utilizing ECP-

based textiles for the preparation of flexible and lightweight high-performance 

supercapacitors.
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21.4.1  ECP-Based Textile Supercapacitors

Electrically conducting polymers (ECPs) were discovered in 1976 by Heeger, 

MacDiarmid, and Shirakawa, for which they were awarded the Nobel Prize in 

chemistry in 2000 [160]. ECPs belong to the class of polymers which have π conju-

gation along the polymer backbone such as polyaniline (PANI), polypyrrole (PPY), 

and polythiophene (PTH). One of the unique characteristics of ECPs is their ability 

to undergo oxidation–reduction reactions by gaining or losing electrons from the 

surrounding environment. This feature enables the application of ECPs in different 

areas such as in smart self-healing coatings for corrosion protection [78], chromatic 

display devices [58, 59], electrochemical mechanical actuators, electrochemical 

batteries [161, 162], and electrochemical supercapacitors [142]. As ECPs can be 

doped and dedoped rapidly to high charge density, they can be applied as active 

materials for pseudocapacitors. The most commonly used conducting polymers for 

supercapacitor applications include polyaniline (PANI), polypyrrole (PPY), 

poly[3,4-ethylenedioxythiophene] (PEDOT), and their derivatives [163]. High 

charge densities can be achieved as the charge–discharge process occurs through the 

volume of the ECP and not on the external surface area (Fig. 21.6). ECP-based 

pseudocapacitors with advantages such as high-redox active capacitance, high con-

ductivity, and, essentially, high intrinsic flexibility have promised the most for high- 

performance portable, planar, and flexible supercapacitor applications [158].

One of the attractive features for utilizing ECP-based textiles for supercapacitor 

applications is the simple and diverse approaches for their preparation and 

Fig. 21.5 Capacitive performance of various electrode materials reported in the literature [159] 

(reproduced with permission of The Electrochemical Society)
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 incorporation in the flexible textile devices, with an ability to control their nano-

structured morphology. The following section discusses briefly the preparation of 

pseudocapacitor textiles based on pure ECPs.

21.4.1.1 Polyaniline-Based Textile Supercapacitors

Among the ECPs, PANI has attracted much interest due to its low cost, good 

mechanical and environmental stability, and adjustable conductivity. PANI can be 

synthesized chemically by oxidative polymerization or electrochemically by 

employing a cyclic voltammetry technique. PANI can be represented in three dif-

ferent convertible forms: the oxidized form (leucoemeraldine), the reduced form 

(pernigraniline), and the emeraldine base (EB). The most useful structure is the 

nonconducting EB which can be converted into the conducting emeraldine salt 

(ES) by acid treatment through a process known as “doping.” The associated ionic 

materials/electrolytes are called “dopants.” Although the protonated form of poly-

aniline (ES) is reported to have poor conductivity, PANI is one of the most studied 

ECPs for EC applications due its environmental stability and the high doping 

level of 0.5 (i.e., two monomer units per dopant). Theoretically, PANI has a maxi-

mum specific capacitance of up to 2000 (F g−1) [164]. However, the reported 

specific capacitance in literature varies significantly according to parameters such 

as the nanostructured morphology, polymerization process, dopant type, dopant 

concentration, and the ionic diffusion length of the electroactive material. The 

essential requirements for achieving high capacitance using PANI-based 

Fig. 21.6 Schematic illustration for charging–discharging of ECP-based pseudocapacitor through 

the doping/dedoping process
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pseudocapacitive electrodes are high surface area, controlled nanostructured mor-

phology, and optimized type as well as concentration of the doping electrolyte 

[77, 165]. Table 21.1 shows the effect of various PANI morphologies on the 

obtained specific capacitance. The capacitance of polyaniline nanowire arrays is 

much larger than both compact film and disordered nanowire networks as elec-

trodes for supercapacitors which is attributed to both a reduced path for ion diffu-

sion and a lower ion diffusion resistance [77].

Kim et al. [173] fabricated a highly stable flexible supercapacitor electrode by 

coating PANI nanofibers on gold-coated polyvinylidene fluoride-co- 

hexafluoropropylene (PVDF-co-HFP) membranes. PANI nanofibers were prepared 

by rapid mixing of aniline monomer and APS initiator, with a 4:1 ratio, in 1 M 

sulfuric acid solution. A symmetric capacitor cell was prepared by sandwiching the 

two identical PVDF electrodes between Nafion membrane soaked with 0.5 M sul-

furic acid. The assembled cell showed the performance of a practical flexible pseu-

docapacitor of the composite planar and bent electrode.

21.4.1.2 Polypyrrole-Based Textile Supercapacitors

Polypyrrole (PPY) is one of the most promising ECPs for pseudocapacitor applica-

tions due to its distinctive features such as high conductivity, fast charge–discharge 

mechanism, good thermal stability, low cost, and high energy density [81, 174–176]. 

Similar to PANI, PPY nanostructured morphology affects the performance of the 

fabricated supercapacitor. Compared with the specific capacitance obtained from 

PPY with nanobelt (296 F g−1) and nanobrick (357 F g−1) morphologies, PPY with a 

nanosheet morphology provided the highest specific capacitance (586 F g−1) for a 

PPY-coated stainless steel pseudocapacitor [81]. The high capacitance of PPY 

nanosheets was attributed to the porous structure and high BET surface area of the 

Table 21.1 Typical morphologies of pure PANI and their capacitance performance [77]

PANI 

morphologies Capacitance [F g−1] Electrolytes Configuration

Energy densi 

ties [Wh kg−1]

Film [166] 150 Et4NBF4- 

actonitrile

Two-electrode 3.50a

Microsphere [167] 421 H2SO4 aqueous Three-electrode N/A

Micro-tube [168] 522 HCl aqueous Three-electrode N/A

Particle [169] 408 H2SO4 aqueous Two-electrode 6.35a

Coral-like [170] 776 H2SO4 aqueous Three-electrode 64

Nanowire 

networks [171]

742 H2SO4 aqueous Three-electrode 110

Nanowire arrays 

[172]

950 HClO4 aqueous Three-electrode 130

aThe energy is calculated based on the total weight of two electrodes. The others are only based on 

the weight of a single electrode
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nanosheets being 37.1 m2 g−1 as compared with nanobricks and nanobelts with BET 

surface areas of 26.4 m2 g−1 and 22.6 m2 g−1, respectively.

Yuan et al. [177] have fabricated PPY-coated paper through a simple “soak and 

polymerization” methodology. The PPY-coated paper flexible electrodes showed a 

capacitance of 0.42 F cm−2 with high energy density of 1 mW h cm−3 at a power 

density of 0.27 W cm−3. The conductance of the PPY-coated paper remained almost 

constant after 100 cycles of bending. This approach provides a practical and low- 

cost method for large-scale production of conductive paper-based electrodes for 

energy storage devices and flexible electronics.

Yue et al. [39] prepared a stretchable electrode for supercapacitor application by 

coating nylon lycra fabric with polypyrrole ECP. PPY was coated on the fabric by a 

simple oxidative polymerization employing ammonium persulfate (APS) as a redox 

initiator and naphthalene-2, 6-disulfonic acid disodium salt (Na2NDS), at 4 °C for 2 

h. The surface resistance of the PPY-coated fabric was 149 Ω/Sq. The electrical 

resistance decreased during stretching of the fabric and increased during fabric 

relaxation. This behavior was attributed to the better surface–surface contact within 

the yarns upon stretching, which improved the conductivity by penetration of the 

polymer into the fabric yarns. The electrochemical properties of the electrode were 

evaluated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS) employing 1.0 M NaCl as the electrolyte solution. At scan rate of 10 mV s−1, 

the PPY-coated electrode exhibited a nearly rectangular CV behavior which indi-

cated that the charge–discharge responses of the electric double layer were highly 

reversible and kinetically facile. However, the rectangular CV shape became dis-

torted when applying scan rates of ≥25 mV s−1. This was attributed to the slow dif-

fusion of the counter ions during the insertion/ejection process compared to the 

faster electron transfer process at high scan rates. Using the three-electrode system, 

the specific capacitance (Csp) of the PPY-coated nylon lycra fabric was calculated 

using the following equation:

 

C
A

f v msp =
/ 2

x x
 

(21.6)

where Csp is the specific capacitance, A is the integral area of the cyclic voltammo-

gram loop, f  is the scan rate, v  is the voltage window, and m  is the mass of elec-

troactive material (PPY). The delivered specific capacitance was found to be 123.3, 

100.7, 69.7, and 39.4 F g−1 at a scan rate of 10, 25, 50, and 100 mV s−1, respectively. 

When the two-electrode system was used, the discharge capacitance (Cm) was cal-

culated using the following equation:
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(21.7)

where Cm, I, t, ΔV, and m are the discharge capacitance per electrode, the current of 

charge–discharge, time of discharge, charge/discharge potential windows, and the 
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amount of active materials on one electrode, respectively. The specific capacitance 

obtained from PPY-coated fabric without strain applied was 108.5 F g−1, with an 

energy density of 6.7 Wh kg−1 and power density of 753.4 W kg−1. The capacitance 

increased to 117.6, 119.6, and 125.1 F g−1 with an elongation of 20 %, 40 %, and 60 

%, respectively. It was found that the PPY-coated nylon lycra preserved its electro-

chemical properties with less than 10 % specific capacitance loss after being 

stretched to 100 % for 1000 times.

In a later study, Yue et al. [178] reported the fabrication of a PPY-coated fabric 

electrode for a supercapacitor application through the electrochemical polymeriza-

tion method. PPY was polymerized electrochemically on the conductive gold- 

coated fabric substrate. Acetonitrile was employed as the polymerization solvent, 

and p-toluenesulfonic (p-TS) acid was used as the organic acid dopant. The conduc-

tive textile electrode sustained up to 140 % strain without electric failure. Using 

1.0 M NaCl as the electrolyte, the flexible electrode delivered a high specific capaci-

tance of 254.9 F g−1 at a scan rate of 10 mV s−1 and maintained this almost unchanged 

up to 50 % applied strain, accompanied with improved cycling stability.

Recently, super-high-rate stretchable polypyrrole-based supercapacitors with 

excellent cycling stability were reported [179]. The pseudocapacitor device was 

fabricated using electrochemical polymerization of purified pyrrole monomers 

on smartly tailored stretchable stainless steel meshes (Fig. 21.7). The capaci-

tance of the fabricated supercapacitors increased from the initial 170 F g−1 at a 

Fig. 21.7 Schematic illustration: (a) preparation of a stretchable steel mesh by cutting along the 

dashed black lines; (b) stretch the mesh biaxially; (c) PPY electrode position on the stretchable 

steel mesh; (d) supercapacitor device assembly by coating the H3PO4/PVA electrolyte [179] 

(reproduced with permission, copyright 2015, Elsevier)
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relaxed state to 214 F g−1 at a 20 % strain at a specific current of 0.5 A g−1. 

Surprisingly, it was found that the solid-state supercapacitors can be operated at 

super high rates of up to 10 Vs−1, being 1–2 orders of magnitude higher than 

most scan rates for PPY  electrodes measured, even in aqueous electrolytes. The 

fabricated PPY pseudocapacitors achieved capacitance retention of 98 % under 

0 % strain and 87 % under a strain of 20 % applied after 10,000 cycles at a very 

high specific current of 10 A g−1.

Babu et al. [180] investigated the capacitance of different PPY-coated tex-

tiles including cotton, viscose, linen, and polyester fabrics. A unit cell was fab-

ricated to investigate the capacitive behavior by assembling two symmetric 

textile electrodes separated by a solid polymer electrolyte membrane (PVA/1 M 

H2SO4 gel). The textile electrodes prepared with PPY-cotton and PPY-viscose 

exhibited the highest specific capacitance values of 268 F g−1 and 244 F g−1, 

respectively, at a scan rate of 5 mV s−1. This was attributed to the strong ionic 

cross-linking through hydrogen bonding in case of PPY coating with cellulosic 

fabrics, providing uniform adsorption of pyrrole monomers and homogeneous 

polymer coating for the entire fabric.

21.4.1.3 Polythiophene-Based Textile Supercapacitors

Unlike PANI and PPY, which are p-type ECPs, polythiophene (PTH) and its 

derivatives can be both p-type and n-type ECPs. Compared with PANI and PPY, 

polythiophene exhibits much lower electrical conductivities and lower capaci-

tance. However, the p-doped PTHs have advantages such as higher stability in air 

and humidified environments as well as their electrodes can be operated in a com-

paratively higher potential window (≈1.2 V), which enables the fabrication of 

asymmetric supercapacitors with one ECP-based electrode. Among all PTH 

derivatives, poly (3, 4- ethylenedioxythiophene) (PEDOT), with high environ-

mental stability, has been investigated thoroughly for supercapacitor and pseudo-

capacitor applications [181–184].

Laforgue reported the fabrication of an all-textile flexible supercapacitor using 

electrospun PEDOT nanofibers [38]. The nanofiber mats with diameters around 

350 nm demonstrated good electrochemical properties due to their ultraporous 

structure and very high electrical conductivity (60 ± 10 S cm−1). The mats were 

incorporated into an all-textile flexible supercapacitor, by using carbon cloths as 

current collectors and the electrospun PAN nanofibrous membranes as a separa-

tor. The supercapacitor device was fabricated by stacking and embedding the 

textile layers in a solid electrolyte containing an ionic liquid and PVDF-co-HFP 

as the host polymer. The pseudocapacitor showed a specific capacitance of 20 F 

g−1, with limited cycling stability. This was attributed to the increased cell resis-

tance caused by the turning of the identical electrodes into its nonconductive 

(undoped) state when the cell is at its maximum voltage. This drawback of using 

ECP-based electrodes can be circumvented by designing composite supercapacitor 
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electrodes using another type of active materials such as carbon nanotubes, car-

bon nanofibers, graphene nanosheets, and metal oxides.

21.4.2  Hybrid Textile Supercapacitors

The main shortcomings for utilizing pure ECPs in supercapacitors are discussed 

as follows: (1) The obtained practical specific capacitance is lower than theo-

retical prediction because the inner layer of the thick electrode cannot be fully 

used. (2) ECPs usually possess poor cyclic stability in long-term charge–dis-

charge processes. The poor cyclic stability of conducting polymer electrodes 

could be attributed to the following three reasons [77]: (a) Poor mechanical 

stability due to reversible swelling/shrinkage caused by volumetric changes 

during the doping–dedoping process as a result of repeated insertion/de-inser-

tion of ions during charging and discharging (Fig. 21.6) (b) Loss of the active 

material as a result of conducting polymers peeling off from the current collec-

tor or dissolving into the electrolyte (c) Over-oxidative degradation due to the 

limited working potential range

The above challenges of using pure ECP pseudocapacitive materials can be miti-

gated by fabrication of hybrid composite electrodes containing other types of mate-

rials with different capacitive performances and mechanisms. The following section 

highlights the recent progress in the fabrication of composite supercapacitor textiles 

using ECPs with carbon nanotubes, carbon cloths, graphene, and metal oxides.

21.4.2.1 Textile Supercapacitors Based on ECPs/CC Composites

Compared to textiles and fibers based on CNTs and GNSs, CC offers an alternative 

material as a current collector for supercapacitor devices due to their lower cost, 

porous 3D structure, high surface area, chemical oxidative stability, good electrical 

conductivity, and flexibility. Hence, a combination of CC as a conductive porous 

current collector with pseudocapacitive ECPs is expected to provide a supercapaci-

tor with superior performance compared to a device with either CC or ECP alone.

Horng et al. [79] prepared a flexible supercapacitor based on conductive carbon 

cloth (CC)/PANI nanowires (PANI-NWs) composite electrodes. PANI-NWs were 

deposited on the CC by electrochemical polymerization using HCl as dopant ion. A 

symmetric supercapacitor device was fabricated by sandwiching two CC/PANI- 

NWs composite electrodes between a cellulose film separator and 1 M H2SO4 as the 

electrolyte. The textile supercapacitor demonstrated high flexibility, with only 0.05 

% capacitance loss during the bending test. At 1.73 A g−1 discharge current, the 

gravimetric capacitance of 1079 F g−1 was obtained at a specific energy of 100.9 W 

kg−1 and a specific power of 12.1 kW kg−1. The cycling performance of the PANI- 

NWs/CC electrode was studied at a current density of 8.65 A g−1 in 1 M H2SO4 

aqueous electrolyte. After 2100 cycles, the initial gravimetric capacitance was 
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reduced by a factor of 14 %, which indicated the long-life electrochemical stability 

of the PANI-NWs/CC composite electrode.

Cheng et al. [80] investigated an electro-etched carbon fiber cloth coated with 

PANI-NWs as an alternative material for supercapacitor electrodes. It was found 

that the surface of carbon fibers becomes more hydrophilic after the etching  process, 

which provided a more uniform and thin polyaniline coating around the carbon 

fibers, allowing them to be more accessible while also facilitating electrolyte trans-

port among PANI-NWs and through various carbon fibers. The obtained mass- 

normalized specific capacitance was 1026.8 and 265.9 F g−1 at the PANI coating 

density of 1.8 and 9 mg cm−2, respectively. The reduction in capacitance at a higher 

PANI coating density was attributed to the fact that only the PANI on or near the 

surface could participate to the redox reactions. Hence, it was concluded that some 

of the PANI was not utilized when the PANI coating layer was thick. Achieving 

both high mass-normalized capacitance and area-normalized capacitance for elec-

trodes is crucial for practical applications. At the optimized conditions of 30 min 

coating time and 5.4 mg cm−2 PANI coating density, the mass-normalized specific 

capacitance and area-normalized specific capacitance were 673 F g−1 and 3.5 F 

cm−2, respectively.

21.4.2.2 Textile Supercapacitors Based on ECPs/Graphene Composites

Graphene is a 2D single-atom-thick carbon allotrope tightly arranged in honey-

comb lattices and has inspired an enormous amount of research [185, 186]. Due 

to its unique structure, graphene possesses ultrahigh theoretical specific surface 

area (SSA ≈ 2630 m2 g−1) and extraordinary electronic, mechanical, thermal, and 

optical properties. Hence, graphene is proposed as novel future material with 

great promise for potential applications in high-performance supercapacitors 

[142, 146, 187]. However, the serious aggregation and restacking of graphene is 

considered to be one of the major obstacles significantly inhibiting the commer-

cial application of graphene in supercapacitors [142]. This problem can be over-

come by incorporating pseudocapacitive materials such as ECPs into graphene 

as spacers to form composites, which can effectively prevent graphene agglom-

eration [142]. When ECPs are used as spacers, they can provide effective sup-

pression for the irreversible restacking and, hence, maintain the intrinsic high 

SSA and provide more active sites to form EDLs. In addition, the use of ECPs/

graphene composite electrodes provides accessibility for the pseudocapacitance 

mechanism (Faradic reactions) which may contribute to the overall specific 

capacitance. More importantly, the presence of highly conductive graphene with 

high SSA increases the contact between the deposited pseudocapacitive ECP 

material and the electrolyte, which alleviates the cycling stability drawback of 

the ECP-based electrodes. Yan et al. [188] synthesized a graphene/PANI com-

posite using in situ polymerization which provided a maximum specific capaci-

tance of 1046 F g−1 compared to 115 F g−1 for pure PANI. The large improvement 

of specific capacitance was attributed to the synergetic scenario between PANI 
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and graphene nanosheets. PANI nanoparticles prevented the agglomeration of 

graphene nanosheets as well as reduced the ion diffusion path during charge/

discharge processes. The cycling stability was enhanced remarkably by the addi-

tion of 1 % CNTs into the graphene/PANI composite which provided 94 % reten-

tion after 1000 cycles, compared with 48 % for graphene/PANI composite due to 

the improved mechanical properties and presence of a highly conductive path 

during the doping/dedoping processes [189].

Xu et al. [190] employed a screen printing methodology for the fabrication of a 

screen-printable thin film supercapacitor device utilizing graphene/PANI ink. 

Flexible conductive carbon fabrics were used as substrates for screen printing which 

can function as electrodes for direct assembly of the supercapacitor. After 1000 

cycles, the flexible textile supercapacitor provided a maximum specific capacitance 

ratio of 352 F g−1 at discharge rate of 1 A g−1. The improved electrochemical stability 

was attributed to the combination of high graphene conductivity along with PANI 

reversible redox properties which is regarded as necessary to achieve supercapaci-

tors with long cycle life. In a later study, Xu et al. [107] reported the utilization of 

graphene/PANI ink for preparation supercapacitors through an inkjet printing meth-

odology. Electrochemical measurements with a 1 M H2SO4 electrolyte yielded a 

maximum specific capacitance of 82 F g−1, power density of 124 kW kg−1, and energy 

density of 2.4 Wh kg−1 when a scan rate of 20 mV s−1 was applied. The fabricated 

supercapacitors were flexible and showed a long cycle life over 1000 cycles.

Fan et al. [191] reported the use of self-assembling sulfonated graphene (SG)/PANI 

nanocomposite paper for high-performance supercapacitors. Sulfonated graphene was 

found to act as a dopant for PANI. The SG/PANI nanocomposite papers had thin, 

lightweight, and flexible characteristics, and its supercapacitor devices showed excel-

lent electrochemical performance with a ratio capacitance of 478 F g−1 at a discharge 

rate of 0.5 A g−1 and its capacitance retention rate maintained 88 % of its original 

capacitance after 2000 cycles.

21.4.2.3 Textile Supercapacitors Based on ECP/CNT Composites

Pan et al. [192] prepared a flexible and transparent wearable supercapacitor device 

based on aligned CNT fiber textiles and polyaniline (CNTFT/PANI) (Fig. 21.8). 

PANI was deposited on the CNTFT using an electrochemical polymerization 

method. The weight percentage of PANI was determined by the electron transfer 

numbers and controlled by the electrodepositing time during synthesis.

The deposited PANI filled the voids among aligned CNTs with the critical 

weight of 50 %, above which the PANI started to aggregate into bulk particle 

material. The CNTFT/PANI composite was coated with PVA-H3PO4 gel electro-

lyte and two textile electrodes were stacked into a supercapacitor. It was found 

that the threshold weight percentage of PANI that provided the maximum capaci-

tance is 50 % with observation of capacitance reduction above this value due to 

the pseudocapacitance property of PANI at high loads. The specific capacitance of 

the bare CNTFT was 7.7 F g−1, whereas the specific capacitances of the CNTFT/
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PANI composites were 108.5, 152.8, and 201.8–272.7 F g−1 corresponding to 15 

%, 30 %, 40 %, and 50 % PANI in the composite, respectively. When the PANI 

weight percentage reaches 60 %, the specific capacitance was slightly reduced to 

240.6 F g−1. The increased specific capacitance below 60 % was ascribed to the 

pseudocapacitive nature of PANI. However, beyond the critical point (60 %), 

PANI aggregates into particles which decrease the contact with aligned CNTs and, 

consequently, a reduction in charge transport. There was no obvious reduction in 

the capacitance of supercapacitor textiles when the current densities were 

increased, and hence, the supercapacitor can effectively work at a wide range of 

current density. The supercapacitor provided over 90 % retention of its capacity 

after 2000 charge/discharge cycles, which was attributed to the remarkable 

mechanical and electronic properties from aligned CNTs.

Furthermore, the supercapacitor textile was integrated to create a new energy 

textile that can convert solar energy to electrical energy instead of storing it, and a 

high entire photoelectric conversion and storage efficiency of 2.1 % was achieved. 

A combination of both photoelectric conversion (PC) and electrochemical storage 

was utilized for the fabrication of a wearable energy textile by stacking the PC part 

with the supercapacitor textile as illustrated in Fig. 21.9.

Fig. 21.8 Schematic illustration of the fabrication of a supercapacitor textile based on CNT/PANI 

composite fiber. Reproduced with permission from [192]
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21.4.3  Supercapacitor Textiles from Supercapacitor Fibers

Supercapacitors can be fabricated using fiber-shaped devices or textile devices. 

Compared to fiber-shaped devices, textiles provide the feasibility of making pla-

nar devices such as planar flexible supercapacitor textiles. Planar textile devices 

can provide specific mass capacitance of ≈3000 F g−1, while the fiber-shaped 

counterpart achieves ≈300 F g−1, 10 times lower than planar textile device [193]. 

For practical applications, planar textile supercapacitor devices provide enhanced 

performance in terms of stability, durability, and lifetime [193]. For example, a 

uniform layer of gel electrolyte is critical for fiber-shaped ECs. If the layer is too 

thick or not uniform, the two electrodes will make contact with each other, and 

hence, the fiber- shaped device cannot be operated normally. Regardless, as men-

tioned previously (Sect. 21.2), conductive textiles can be made by weaving or 

knitting supercapacitor fibers.

Wang et al. [194] reported the fabrication of high-performance two-ply yarn 

supercapacitor based on a CNT/PANI-NW array [194]. A CNT yarn was coated 

with PANI-NWs by dilute polymerization, which was followed by coating it with 

PVA gel electrolyte. In the last step, two CNT@PANI@PVA yarns were twisted 

together to form a two-ply yarn, the final threadlike supercapacitor. The two-ply 

yarn is a solid-state supercapacitor that retains the characteristics of pure CNT 

yarn for conventional textile processing, such as weaving and knitting. As shown 

in Fig. 21.10a, a plain weave model fabric was manually constructed from six two-

ply yarn supercapacitors. Figure 21.10b shows the co-woven two-ply yarn super-

capacitor with conventional textile yarns. The model fabric is composed of four 

conventional two-ply cotton yarns and four two-ply CNT@PANI@PVA yarn 

supercapacitors. The performance of the composite flexible supercapacitor was 

Fig. 21.9 (a) Photograph of multilayered clothes; (b) schematic illustration of the integrated 

energy textile. The enlarged view shows the working mechanism. Reproduced with permission 

from [192]
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almost constant at different bending cycles. At the current density of 0.01 mA 

cm−2, the CNT@PANI yarn-based supercapacitor showed a capacitance of 38 mF 

cm−2, while the areal capacitance of the pure CNT yarn-based supercapacitor was 

only ≈2.3 mF cm−2. Due to improved capacitance, flexibility, and feasibility of 

integration with textiles, the two-ply yarn supercapacitor might be used for power 

storage in electronic textiles for applications that require conventional fabric-like 

breathability and durability.

ECPs have been proposed for electrochromic applications due to its properties 

such as low operational voltage, ease in the fabrication of large area, the use of flex-

ible substrates, high quality, optically transparent thin films, and excellent color-

ation contrast with matching rapid coloration rates [195]. Among the stated 

advantages, the possibility of using ECPs for the preparation of flexible electro-

chemical devices is very attractive for applications such as display devices and, 

particularly, flexible textile display devices [196].

Kelly et al. [58] reported the employment of PANI as solid-state electrochromic 

material in the application of flexible textile display. Nonwoven PET and viscose 

textiles were coated with PANI by in situ oxidative chemical polymerization using 

p-dodecylbenzenesulfonate as a doping agent. The electrochromic flexible display 

device was constructed by using four-layered sandwiched structure without the 

need for extra liquid electrolyte layers. The use of a solid electrochromic material 

offers a practical solution by preventing the leakage of liquid-phase electrochromic 

materials that require sufficient sealing for the fabricated device.

Recently, Chen et al. [197] reported the fabrication of a flexible electrochromic 

fiber-shaped supercapacitor. The fabrication process is illustrated in Fig. 21.11. 

Initially, the CNT sheet was wound onto an elastic rubber fiber. After that, PANI 

was electrochemically deposited onto the CNT sheet. The maximum specific capac-

itance based on the weight of CNTs and PANI was obtained at 70 % weight PANI 

(255 F g−1 at charge/discharge rate of 1 A g−1). At higher weight percentage of PANI 

Fig. 21.10 Optical microphotographs: (a) a model woven energy storage device consisting of six 

two-ply yarn supercapacitors (reflection mode); (b) yarn supercapacitors are co-woven with con-

ventional cotton yarns to form a flexible electronic fabric with self-sufficient power source. 

Reproduced with permission [194]

N.Y. Abu-Thabit and A.S.H. Makhlouf



465

(e.g., 90 %), the excess PANI was found coated on the outer surface of the CNT/

PANI composite fiber electrode and could not effectively make contact with the 

aligned CNTs, which eventually led to slower and less effective ion diffusion. 

Figure 21.12 shows the utilization of the wire-shaped electrochromic supercapaci-

tors for the fabrication of a woven textile that can act as displayer.

Lee et al. [40] reported the utilization of a biscrolling technique for the fabrica-

tion of PEDOT/CNT composite supercapacitors for textiles and microdevice appli-

cations. The fabricated PEDOT/CNT redox supercapacitor yarn electrodes were 

made by a process called biscrolling (Sect. 21.2.3.4), which involves inserting a 

twist in a host sheet that is overlaid with the guest (Fig. 21.13). The biscrolled yarns 

were prepared by twist insertion in hundred-nanometer-thick ECP infiltrated 

Fig. 21.11 Schematic illustration of the structure and display function of the electrochromic, 

wearable fiber‐shaped supercapacitor. Reproduced with permission from [197]

Fig. 21.12 Chromatic transitions during the charge–discharge process. (a) An energy storage tex-

tile woven from electrochromic fiber‐shaped supercapacitors during the charge–discharge process; 

(b and c) electrochromic fiber‐shaped supercapacitors that have been designed and woven to dis-

play the signs “+” and “F,” respectively. Reproduced with permission from [197]
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Fig. 21.13 (a) Schematic illustration showing the fabrication of a biscrolled PEDOT/MWNT 

yarn. (b) Optical microscope image of the spinning wedge, which shows the wedge edges being 

twisted to form a dual-Archimedean scroll yarn, which is schematically illustrated in the inset. 

Scale bar, 200 mm [40]. Copyright 2013, Nature Publishing Group

Fig. 21.14 Cyclic life and 

stability of solid- 

electrolyte biscrolled yarn 

supercapacitors when 

weaved into a glove (the 

yarn supercapacitor was 

5 cm long). Reprinted with 

permission from [40]. 

Copyright 2013, Nature 

Publishing Group

MWNT sheets. The ECP yarn guest was deposited on MWNT sheets by vapor 

phase polymerization (VPP), which is a well-known technique for providing uni-

form coatings of highly ECP layers on substrates. The volumetric capacitance of the 

plied biscrolled yarn/Pt wire device was up to 179 F cm−3. The complete 

 supercapacitor could be wound or sewn for 10,000 cycles with over 90 % perfor-

mance retention rate (Fig. 21.14).

Recently, Huang et al. [198] reported a novel method for the fabrication of large 

wearable energy storage textiles from industrially weavable and knittable highly 

conductive yarns. The highly conductive yarns were made from 316 L stainless steel 
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thin fibers by the twist-bundle drawing technique (Fig. 21.15a). Stainless steel 316 L 

was selected due to its anticorrosion capability and thermal stability and flexibility 

of its micrometer-sized fibers compared to other types of stainless steel such as the 

brittle 304 stainless steel microfibers. The twisted long yarns have a small diameter 

of 180–250 μm and were found to be very soft and flexible as well, comparable to 

those conventional cotton yarns with higher tensile strength (>700 MPa), which 

facilitated the weaving and knitting process. The main advantage behind using 

metal-based conductive textiles is the ability of metal-based wires/yarns to provide 

effective long-distance electron transport [199]. As illustrated in Fig. 21.15b, the 

highly conductive yarns were prepared through a three-stage fabrication process. 

Initially, reduced graphene oxide (rGO) was introduced, which was followed by the 

electrodeposition of pseudocapacitive MnO2 and PPY conductive layers in the sub-

sequent steps, respectively. The PPY layer is expected to serve as a stress buffer 

during the various deformations that are usually faced by textiles [179]. A freestand-

ing all solid-state yarn supercapacitor was made from two such parallel yarn elec-

trodes using a PVA/H3PO4 gel electrolyte that exhibited a long cycle life (>92 % 

device capacitance retention over 4950 cycles). The possibility of the practical use 

of the hierarchically structured conductive yarns for preparation of energy storage 

textiles through weaving (Fig. 21.15c) and knitting (Fig. 21.15d) processes was suc-

cessfully demonstrated.

21.5  Conclusion

Among the different approaches for the preparation of smart conductive textiles, 

ECPs have been proposed as a promising material for the preparation of conduc-

tive textiles without affecting their original properties such as flexibility, stretch-

ability, and tensile strength. ECP-based textiles can be utilized for different 

applications (Fig. 21.1) including flexible textile electrodes for supercapacitors 

and energy storage applications. In the case of ECP-based textile supercapacitors, 

the energy storage is provided by a pseudocapacitive mechanism through revers-

ible Faradic redox reactions during fast doping–dedoping processes (Fig. 21.6). In 

general, ECP-based textiles can be prepared directly by a simple coating onto vari-

ous shaped textile substrates or indirectly by knitting or weaving ECP-based com-

posite fibers. In the latter case, the limiting factors for fabrication of conductive 

textile are the tensile strength and flexibility of the conductive composite fibers 

that reflect the ability of fibers to withstand during the knitting/weaving process 

without being broken apart.

Like other material, the use of ECPs for textile supercapacitors has both advan-

tages and challenges. The main characteristics of ECP-based textile supercapacitors 

are (1) their inherent flexibility, (2) ease of coating into various types and shapes of 

textiles, (3) diverse methods for polymerization and embedding into various con-

ductive/nonconductive textile substrates, (4) possibility of controlling their nano-

structured morphology with nanoscale dimensions, (5) possibility of use without 
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electrolyte, (6) high theoretical specific capacitance, (7) relatively low cost for 

industrial scale-up process, (8) possibility for a wide range of working potential 

window based on the employed electrolyte, (9) possibility for integration into high- 

performance composite/asymmetric hybrid supercapacitors, and (10) the possibility 

of use in flexible textile display devices.

Fig. 21.15 (a) Schematics of yarn fabrication; (b) illustration of the three-stage fabrication pro-

cess of the hierarchically structured conductive yarn; (c and d) photographs of the energy storage 

textiles made of yarns (the 15 cm × 10 cm woven clothes can light 30 LEDs) (c), and a wristband 

knitted with a pattern (inset shows the pattern powering a LED) (d). Reproduced with permission 

from [198]
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The main challenges for utilization of ECP-based textile supercapacitors are (1) 

their limited cycling stability due to the swelling/shrinkage during charging/dis-

charging process (Fig. 21.6), (2) lower conductivity when compared to metals and 

metal nanoparticle, and (3) lower capacitance when employed with gel electrolytes 

compared to liquid electrolytes.

21.6  Future Outlook

The above limitations of using ECP-based textile supercapacitors can be resolved 

by: (1) Increasing the specific capacitance of pure ECP-based textile supercapaci-

tors by designing nanostructured polymer coatings with controlled nanoscale 

dimensions, porous structure, and high surface area for achieving both reduced path 

for ion diffusion and lower ion diffusion resistance. (2) Improving the limited 

cycling stability by using composite materials such as ECP/CC, ECP/graphene, 

ECP/CNTs, and ECP/metal oxides. (3) Preparation of ECP-based textile superca-

pacitors indirectly from ECP-coated fibers. This approach is expected to provide 

conductive fibers without affecting their flexibility and tensile properties, and hence, 

it offers an alternative choice for preparation of textile supercapacitors through 

weaving and knitting process. Various fibers can be explored including natural and 

synthetic fibers, metal fibers, and carbon-based fibers. (4) Preparation of ECP-based 

textile supercapacitors through different technologies such as inkjet/screen printing 

or preparation of ECP-based conductive fibers through fiber welding and biscrolling 

methodologies. The latter two approaches allow for incorporation of ECPs with a 

wide range of guest materials for enhancing conductivity, redox properties, or other 

essential properties that might enhance the performance of the target textile 

supercapacitor.
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Chapter 22
Self-Healing Coatings for Corrosion 
Protection of Steel

Liana Maria Muresan

Abstract Self-healing coatings belong to a new generation of smart coatings for 

corrosion control, which have both passive characteristics (from matrix material) 

and active behavior towards the local environment (through incorporated or surface- 

mounted compounds acting as inhibitors). The coatings provide a rapid release of a 

repairing material (e.g., a corrosion inhibitor) after changes in coating integrity by 

mechanical/chemical damage of the coating or by local pH changes occurring near 

the metallic surface. Within all classes of materials, the one with the largest self- 

repair potential belongs to polymers since they display more useful properties than 

any other material. However, besides these materials, inorganic (including mainly 

silica, titania, zirconia, etc.), organic, or hybrid layers have been successfully used 

as matrices for self-repairing coatings. On the other hand, the self-healing agents 

embedded in the matrices belong to different classes varying from natural com-

pounds (tung oil, spar varnish, camphor, linseed oil, etc.) to synthetic ones (isodecyl 

diphenyl phosphate, 2-mercaptobenzothiazole, alkyl ammonium salts, etc.). In this 

context, recent advances in preparation and characterization of different self- healing 

coatings on steel will be reviewed. The main techniques for obtaining self- 

healing coatings and the challenges for future research will be also briefly discussed.

Keywords
inhibitors

22.1  Introduction

Self-healing coatings belong to a new generation of “smart” coatings for anticorrosion 

protection of metals, which are inspired from biological systems where damage triggers 

an autonomic healing response.
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Most of the materials currently used in industry are protected against corrosion by 

passive layers with barrier properties that could be irreversibly attacked by external 

factors. Initiation of cracks and other types of damage on a microscopic level has 

been shown to dramatically change the properties of the “classical” protective coat-

ings and eventually leads to the whole-scale failure of the material. This is why efforts 

have been made in the direction of finding new and efficient protective coatings on 

metals. Most of them are passive coatings, acting only as physical barriers against 

corrosion, but some exert an active repairing action when the coatings are damaged.

The self-healing concept relies on an active repair based on the rapid release of 

a repairing agent after changes in the integrity of a coating as a consequence of 

mechanical/chemical damage or of factors originating from the surrounding 

environment (heat, UV radiation, humidity, etc.). Self-healing coatings are in fact 

stimuli- responsive systems. Ideal smart self-repairing coatings should not only 

replace any passive protection layers, but should be able to continuously control and 

monitor the integrity and functionality of the materials through sensing elements 

incorporated in their structure [1]. By prolonging the material’s service life, self- 

healing contributes to saving natural resources and brings economic benefits to soci-

ety. This is why, nowadays, considerable efforts are oriented towards the development 

of self-repairing anticorrosion coatings.

Steel is an important material that is widely used for construction, especially in 

heavy industries (mining, oil and gas industries, aircraft and automotive industries, 

etc.), and its corrosion represents a serious problem that can be prevented or mini-

mized by applying protective coatings on its surface. Among these coatings, those 

possessing self-healing functionalities are preferred more and more.

In this context, recent advances in the preparation and characterization of self- 

healing coatings on steel are reviewed with an emphasis on their main components: 

matrices and healing agents. The challenges for future research are also briefly 

discussed.

22.2  Background of Self-Healing Coatings

22.2.1  Self-Healing Concept

For a material to be strictly defined as self-healing, it is necessary that the repairing 

process occurs automatically, without intervention of a human being. In other words, 

self-healing materials have the built-in capacity to recover after damage either autono-

mously or after application of a specific stimulus (heat, UV light, pH change, electric 

or magnetic field, etc.). Healing is due either to the formation of layers of corrosion 

products which act as a barrier against corrosion (passive protection) or to certain 

protective species generated in the presence of inhibitors (active protection) [2].

The active agents that ensure self-healing (e.g., corrosion inhibitors) can be embed-

ded into the different passive components of the coating: pretreated surface layer, 

primer and/or topcoat. They can be introduced in the coating directly or by loading 

them into vascular networks or nanoreservoirs embedded into the passive matrix [3].
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22.2.2  Matrices Used for Self-Healing Coatings

A wide range of materials can be used as matrices for self-healing coatings. 

Frequently, passive layers alternate with active layers in order to ensure the best 

stability and corrosion resistance of the coatings.

-

rials that can be used as matrices for self-repairing coatings. Some of these materi-

als belonging to different categories are reviewed below.

22.2.2.1  Inorganic Coatings

Self-healing metals and alloys do not count for a large number of representatives. 

Among them, zinc, Al–Cu–Mg, and Ti–Bi alloys are the most used [4]. However, it 

should be mentioned that the healing takes place only in the case of small defects.

In the case of zinc, the coatings deposited on steel exhibit self-healing properties 

due to chemical reactions that take place in the presence of oxygen and water (i.e., 

Zn dissolution in parallel with oxygen reduction) during the corrosion process:

 
Zn H O ZnOH H2+ + ++ ® +2  

 
ZnOH H O Zn OH H+

( )
++ ® ( ) +2 2 aq  

Zn (OH)2 has a very low solubility product and precipitates in the scratches of 

the surface, filling, or refilling the cavities of damaged materials. A strategy to 

enhance the protective properties of zinc coatings would be the incorporation of 

other elements (i.e., nanoparticles) which improve their self-healing properties [5] 

or to use different treatments in order to generate conversion coatings on zinc 

surface.

Chromate conversion coatings used for corrosion protection of galvanized steel 

have recognized self-healing properties. Moreover, they are cheap and easy to pre-

pare. However, due to the high toxicity of Cr (VI) salts, these conversion coatings 

are nowadays banished and efforts have been made to replace them with other effec-

tive, but less toxic, protective coatings [6].

were reported to also exhibit self-healing properties [7], but these properties are 

even more limited.

Thin, compact, and mesoporous silica coatings prepared by the sol–gel method 

can replace the traditional chromates conversion coatings and pretreatments on  

Zn [8]. The incorporation of certain corrosion inhibitors into the pores of these 

 layers may offer a promising alternative to classical conversion coatings with self-

healing abilities.

Silicate conversion coatings, which are also potential candidates for replacing 

chromate conversion coatings, exhibit self-healing abilities as well under certain 

experimental conditions [9]. This behavior is due to silicate anions migrating to the 

damaged area, forming new conversion coatings composed of Zn, O, and Si.
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22.2.2.2  Organic Coatings

Organic coatings account for the largest number of representatives and are used in 

all sectors of industry. Organic-coated steel is certainly one of the products best able 

to respond to restrictive environmental regulations, and its use entails no danger for 

the consumer. Due to the fact that a wide range of organic compounds are used for 

the protection of steel, only some of them were selected and are shortly presented 

below.

Within all classes of materials, the self-repair potential of polymers is probably the 

largest, since they display more useful properties than any other material [1]. 

Through self-healing after damage, the main properties of the polymeric material 

(tensile strength, smoothness, plasticity, etc.) are recovered and preserved.

Various self-repairing polymer matrices were proposed, including thermo-

(methoxyethylacrylate) [10], poly(ethylene-co-methacrylic acid)-based copoly-

mers [11], polydimethylsiloxane elastomers [12], UV-cure polyester acrylate [13] 

and many others. The healing mechanism in the case of polymers relies upon 

molecular interdiffusion, reversible bond formation, chain rearrangement, swelling 

or the recombination of chain ends which can be triggered by temperature increase 

or can be photoinduced [14]. The protection effectiveness of the polymeric coating 

is related mainly to the quality of the deposited coating and on experimental 

parameters (coating thickness, homogeneity, surface preparation, etc.).

The polymeric matrices are ideal for hosting chemicals such as microencapsu-

lated healing agents and dispersed catalysts which when reacted together, heal the 

material and prevent further crack growth.

Epoxy-Based Coatings

Epoxy resins, also known as poly-epoxides, are a class of reactive polymers which 

contain epoxide groups. Among the most used epoxy compounds are the epoxy 

-

aliphatic epoxides and glycidylamine epoxy resins.

In order to improve the mechanical, chemical, and heat resistance properties of 

epoxy resins, linear resins are cross-linked with suitable compounds such as polyfunc-

tional amines, acids (and acid anhydrides), phenols, alcohols and thiols [15] to form 

three-dimensional cross-linked structures.

Epoxy resins are currently used as strong adhesive materials for sticking different 

surfaces together and as primers to improve the adhesion of paints, especially on 

metal surfaces where corrosion (rusting) resistance is important.
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The ease of incorporating different healing agents (e.g., microcapsules filled 

with inhibitors) in an epoxy matrix is one of the main advantages of these primers. 

Good adhesion between the microcapsules and the epoxy matrix can be reached by 

using epoxy-amine microcapsules, prepared, for instance, by an interfacial reaction 

in an inverse emulsion [16].

Hybrid Coatings

Hybrid organic–inorganic coatings allow for the combination of advantages of both 

organic and inorganic components. The organic component is mainly responsible 

for the system’s flexibility and compatibility with subsequent polymeric coatings, 

while the inorganic component provides good adhesion to the metallic surface [17].

Hybrid coatings can also be realized from hybrid molecules. Organosilanes are 

an example of such molecules possessing both inorganic and organic functionalities 

which allow them to establish stable covalent bonds with both the native oxide film 

formed on the metallic surface and the subsequent painted layers [18]. At the same 

time, silane coatings act as a physical barrier against corrosion, blocking access of 

the electrolyte to the metallic substrate. The organic functionalities of silanes can be 

varied in a convenient manner in order to achieve the best stability and efficiency of 

the hybrid coating.

Hybrid silica coatings containing Ce (III) and Ce (IV) prepared by the sol–gel 

method were reported as being efficient in the corrosion protection of stainless steel 

[19]. Ce (III) ions enhance the corrosion resistance of the substrates through a bar-

rier effect. The self-healing properties of the coatings are due to Ce (OH)3 formation 

on the surface and to the complex reaction between Cr and Ce ions.

Similar enhancement in corrosion resistance is reported in the case of mesopo-

rous silica-based hybrid coatings deposited on steel. The self-healing properties of 

the silane–zirconia hybrid coating were improved when silica nanocontainers filled 

with 2-mercaptobenzothiazole were embedded in the coating [20].

fillers (pigments), and other substances such as driers, thickeners, etc. [21]. The quality 

and the protective properties of the paint strongly depend on the binder–filler, 

 substrate–coating and coating–environment compatibility.

Various paint formulations can be used for metal protection, including 

polyurethane- based paints, acrylic primers, enamels, etc. They are convenient 

matrices to host capsules filled with corrosion inhibitors or other elements which 

enhance the corrosion resistance of the coatings.

Generally, the paint is applied as a layered system. For anticorrosion purposes, an 

efficient paint has three layers: a conversion coating of about 100 nm, a primer (i.e., an 

epoxy layer of 20–25 μm) and a topcoat (i.e., polyurethane of 50–100 μm thickness).
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22.2.3  Healing Agents

In order to perform properly, a smart system must incorporate (embedded or surface 

mounted) a smart structure to counteract damage, thus introducing the possibility of 

self-healing properties. The healing agents can be incorporated directly in the matrix 

or can be included in capsules or microvascular systems [22]. The release of the 

healing agent can be induced by abrasion, shell degradation, mechanical stress, pH 

changes in the environment, exposure to UV light, etc.

This healing mechanism can be intrinsic or extrinsic [23]. Intrinsic healing occurs 

continuously and does not require the presence of an additional external healing com-

pound, while extrinsic healing takes place in the presence of a catalyst or cross-linker 

which should be present in the surrounding environment or in the matrix.

Some of the most used healing agents, belonging to different classes of substances, 

are presented below.

22.2.3.1  Pigments

Sacrificial metal pigments (Zn, Mg, Al) can be introduced into sol–gel coatings in 

order to obtain inorganic metal-rich layers with protective properties on ferrous and 

steel substrates [24]. The size and shape of metal pigments, as well as their concen-

tration, play an important role in the protective properties of the coatings. It was 

established that these pigments are involved in the cathodic protection of steel, and 

they determine the general corrosion resistance of the coatings, relying upon the 

barrier characteristics of the sol–gel coatings.

Ceramic pigments consisting of Ce (III) and Ca (II) exchanged bentonites have 

been reported as efficient corrosion inhibitors for organic-coated galvanized steel 

[25]. They were dispersed in polyester-resin-based primer paint and were efficient 

in preventing corrosion-driven coating delamination. Anionic inhibitors such as 

2-benzothiazolylthio-succinic acid were included in anionic clays, such as layered 

double hydroxides [26]. Aggressive chloride ions trigger the release of these inhibi-

tors and determine the self-healing capability of the coating.

Ca (II) and Zn (II) exchanged pigments based on cross-linked sulfonated poly-

styrene can also be used to protect galvanized steel surfaces [27].

22.2.3.2  Nanoparticles

Nanoparticles are effective as self-healing materials and can be successfully applied 

to anticorrosion protective coatings. Thus, composite Zn coatings on steel incorpo-

rating Ti and Ce oxide nanopowders, separately or in mixture, exhibited increased 

corrosion resistance as compared to pure Zn coatings [28]. Al2O3 nanoparticles co-

electrodeposited with Ni and Zn were successfully used to obtain corrosion resistant 

Zn–Ni composite coatings on steel [29].
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CeO2 nanoparticles were used as fillers for hybrid silane coatings applied on 

galvanized steel substrates [30]. Due to the corrosion-inhibiting effect of ceria 

nanoparticles activated with Ce (III) ions, the modified coatings demonstrate an 

enhanced passive domain for zinc and improved the barrier properties.

SiO2 particles embedded in bis-functional silanes were also reported to improve 

the corrosion resistance of hot-dipped galvanized steel [31].

22.2.3.3  Nanocontainers with Inhibitors

The self-repairing concept based on the use of healing agents (e.g., film-forming 

compounds, inhibitors) stored in containers dispersed through a coating matrix and 

becoming active after breakage of the capsule is one of the most popular methodolo-

gies. The core constituents of the containers are released when the capsules are 

ruptured by damage and heal the defects induced by scratching (Fig. 22.1).

The nanocontainers can be manufactured from mesoporous silica [20], urea- 

formaldehyde [32, 33], latex [34], ceramic materials [17], epoxy-amine [16], etc.

On the other hand, the healing agents belong to very different classes of com-

pounds, varying from natural compounds such as linseed oil [35, 36] and camphor 

[37] to synthetic substances, such as dicyclopentadiene [38], dodecylamine [39], 2 

mercaptobenzothiazole [17], triethanolamine [34] as well as many others. They 

play the role of film formation agents and/or of corrosion inhibitors. To obtain an 

efficient self-healing effect, single [40] or multicomponent [37] repair compounds 

can be used.

The fabrication of the nanocontainers can be performed by sequential emulsion 

polymerization [34], interfacial reaction in an inverse emulsion [16], coacervation 

[41], in situ polymerization [33], extrusion or the sol–gel method [42].

Microencapsulation is advantageous because it can be used to encapsulate a 

large variety of materials (corrosion indicators and inhibitors, self-healing agents, 

etc.) in both solid and liquid phase. For example, water-core microcapsules encap-

sulating water-soluble inhibitors such as cerium nitrate, sodium benzoate, sodium 

molybdate, and others were produced then embedded in zinc primers in order to 

enhance the corrosion resistance of the steel substrates [43]. Another example is 

based on the electrostatic adsorption of polyelectrolytes on oil phase drops contain-

ing a corrosion inhibitor (a thiazole derivative) [44].

In all cases, the capsules have been embedded in a protective (e.g., epoxy based) 

coating. The compatibility between the shell material of the capsules and the matrix 

material plays an important role.

Fig. 22.1 Crack healing using nanocapsules filled with a repairing agent
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22.2.3.4  Microvascular Systems

Self-healing coatings containing microencapsulated healing agents exhibit good 

repairing properties but are limited to local autonomic repair. On the contrary, bio- 

inspired vascular networks containing healing agents are embedded in coatings; the 

coating-substrate design delivers healing agent to cracks via a three-dimensional net-

work at any place it is needed, repairing the damage autonomously and repeatedly [45].

Microvascular networks consisting of channels filled with a specific healing 

agent (Fig. 22.2) mimic the architecture of the human vascular system and can be 

formed inside a polymeric coating, which can be used as an alternative to other self- 

repairing systems. The healing agent (e.g., a monomer) is transported through capil-

larity inside the channels mimicking those from living bodies. The monomer flows 

towards the scratch where it encounters a catalyst or a cross-linker previously 

embedded in the matrix that starts polymerization and repairs the crack.

3D scaffolds can be fabricated, for example, with a fugitive organic ink contain-

ing petroleum jelly and microcrystalline wax in a layer-wise scheme deposited on a 

substrate [46]. After deposition, the ink scaffold is infiltrated with an uncured epoxy 

resin, cured, cut to size, and polished. The fugitive ink is then removed by heating 

the substrate under vacuum. This results in a vascular system of hollow channels 

that can be filled with a healing agent.

22.3  Techniques for Obtaining Self-Healing Coatings

Several combinations between matrices and healing agents reported in literature for 

steel substrates are presented in Table 22.1.

As it can be observed, there are many techniques to obtain self-healing coatings. 

The most important are discussed below.

22.3.1  Layer-by-Layer Deposition

Layer-by-layer (LbL) deposition of multilayers can sometimes improve the corro-

sion resistance of the metallic substrate even in the absence of corrosion inhibitors; 

however multilayers containing inhibitors are much more effective. The inhibitors 

Fig. 22.2 Microvascular 

system of hollow channels 

that can be filled with a 

healing agent
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Table 22.1 Self-healing coatings for steel

No. Substrate Coating matrix Healing agent Coating method Ref.

1 AISI 304 

stainless 

steel

Silica Ce (IV) salts Sol–gel [19]

2 9Cr-1Mo 

ferritic 

steel

Hybrid silane–

zirconia- based 

coating

Mesoporous silica 

nanocontainers filled with 

2-mercaptobenzothiazole

Sol–

hydrothermal 

method

[20]

3 Hot- dipped 

galvanized 

Q235 steel 

(carbon 

steel)

Silicate conversion 

coatings

– Immersion in 

sodium silicate 

solutions of 

various 

SiO2:Na2O molar 

ratios

[47]

4 Mild steel Zirconia-based 

hybrid coating

Sol–gel [48]

5 Mild steel Epoxy resin Urea-formaldehyde 

microcapsules filled with 

linseed oil

Brush painting [32]

6 Cold- rolled 

steel with curing agent 

and wetting agent

Latex nanoreservoirs 

filled with triethanolamine

Bar coating [34]

7 Stainless 

steel 304

Hybrid 

silica–zirconia

Nanocomposites (cloisite 

15A, MWCNTs, CeCl3)

Sol–gel dip 

coating

[49]

8 Carbon 

steel phosphoric acid and CeO2 

nanoparticles

Spin coating [13]

9 Hot- dipped 

galvanized 

steel

Weldable epoxy-

based primer

Halloysites/2- 

mercaptobenzothiazole

Coating [2]

Vanadium oxide

TiO2/2- 

mercaptobenzothiazole

TiO2/8-hydroxyquinoline

10 Hot- dipped 

galvanized 

steel

Ca (II) and Zn (II) 

exchanged pigments 

based on cross-linked 

polystyrene

Bar casting [27]

11 Cold- rolled 

steel

Epoxy resin Urea-formaldehyde 

microencapsulated epoxy 

resin

Coating with 

doctor blade

[50]

12 Q steel Epoxy primer + 

polyurethane topcoat

Inhibitor containing 

microcapsules

Brush 

application

[51]

13 Hot- dipped 

galvanized 

steel

Epoxy resin Ceramic nanocontainers 

loaded with 

2-mercaptobenzothiazole

Dip coating [17]

14 Carbon 

steel AISI 

1020

Nanocontainers with 

dodecylamine

Brush coating [39]

(continued)
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Table 22.1 (continued)

No. Substrate Coating matrix Healing agent Coating method Ref.

15 C steel Epoxy resin Micro/nanocapsules with 

urea-formaldehyde as a 

shell and drying linseed 

oil as a core

Film applicator [35]

16 Hot- dipped 

galvanized 

steel

Bis-

[triethoxysilylpropyl]

tetrasulfide + silane

Ce(NO3)3 Immersion in the 

silane solution 

and curing

[52]

17 Hot- dipped 

galvanized 

steel

Bis-functional 

silanes

Microparticles of SiO2 Immersion in the 

silane solution 

and curing

[31]

18 Galvanized 

steel

Ca2+ and Ce3+-loaded 

bentonites

Draw down 

method using 

gauge wire 

wound coating 

bars

[25]

19 Carbon 

steel

Epoxy resin Mg–Al layered double 

hydroxides intercalated 

with 2-benzothiazolylthio- 

succinic acid

Spin coating [26]

20 Steel Epoxy-based paints Urea-formaldehyde and 

gelatin shell microcapsules 

containing inhibitors (tung 

oil, spar varnish, isodecyl 

diphenyl phosphate, 

camphor, alkylammonium 

salt in xylene)

Brush coating [37]

21 C steel Epoxy resin Encapsulated tung oil in 

urea-formaldehyde shell

Film applicator [53]

22. Mild steel Epoxy resin Urea-formaldehyde shell 

microcapsules containing 

linseed oil

Brush coating [36, 

54]

23 Low- 

carbon 

steel

Epoxy-amine paint Epoxy-amine 

microcapsules containing 

MgSO4 solution

Filmograph 

application

[16]

24 Cold- rolled 

steel sheet

Epoxy resin Urea-formaldehyde shell 

microcapsules containing 

epoxy resin

Coating with a 

micrometer- 

controlled doctor 

blade

[33]

25 Steel

multilayers polystyrene sulfonate-8- 

hydroxyquinoline 

nanostructures

LbL coating [46]

26 Galvanized 

steel

Silane coatings CeO2 nanoparticles Immersion 

followed by 

thermal 

treatment

[30]

27 Galvanized 

steel

Bis-

[triethoxysilylpropyl] 

tetrasulfide silane 

Cerium nitrate Immersion 

followed by 

thermal 

treatment

[18]
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can be either incorporated between layers or adsorbed in the layers [46] and can be 

released under the action of an external stimulus. The morphology and the charac-

teristics of LbL coatings can be controlled by the number of deposition cycles, the 

chemical nature of the polyelectrolyte and the experimental conditions.

On the other hand, the LbL technique can be used to obtain nanocontainers 

hosting corrosion inhibitors that can be subsequently introduced in anticorrosive 

matrices. The formation of a nanocontainer shell is possible by the LbL deposition 

of a charged species (e.g., polyelectrolyte, biomaterial, etc.) on the surface of 

nanoparticles and can be used further for the storage of a corrosion inhibitor [3, 46, 

55]. For example, mesoporous SiO2 nanoparticles covered with polyelectrolyte 

layers loaded with inhibitor (2-(benzothiazol-2-ylsulfanyl)-succinic acid) were 

introduced into a hybrid ZrO2–SiO2 sol–gel film [55]. The release of the 2-(benzo-

thiazol-2-ylsulfanyl)-succinic acid from containers with a polyelectrolyte shell is 

triggered at a pH of 10.

self-repairing properties mainly due to their pH buffering activity. They are polyca-

tions, polyanions, or both, and their dissociation degree is pH sensitive. The deposi-

tion of polyelectrolytes can be done by spray drying, spin coating, or dip coating 

and can be repeated several times in order to obtain multilayers. The thickest film is 

obtained by spray drying [56]. LbL coatings used as corrosion-inhibiting coatings 

are advantageous as they provide the controlled release of inhibitor, pH buffering, 

self-healing, and sealing of surface defects and barrier properties.

The corrosion of stainless steel under anodic conditions in salt solutions was 

strongly suppressed by an ultrathin layer of polyelectrolyte complex, obtained by 

using the LbL deposition method [57].

-

ited on the surface of SiO2 nanoparticles, resulting in a final supramolecular struc-

ture of SiO2 58]. Carbon steel coated 

with primer doped with 10 wt% of nanocontainers containing dodecylamine showed 

good self-healing ability through the release of the encapsulated inhibitor.

22.3.2  Incorporation in Sol–Gel Coatings

The sol–gel process is a convenient method for preparing different protective coat-

ings on the surface of metals, including galvanized steel substrates, and consists of 

the formation of an oxide network by the condensation of precursors in a liquid 

medium [59]. The main advantages of the sol–gel method are (1) the possibility of 

preparation of materials with versatile composition that is not possible by solid- 

state fusion, (2) the availability to cast coatings in complex shapes, and (3) the use 

of low processing temperature [60].

Silica-based protective coatings are the most widely used for metal protection 

and can be successfully prepared by the sol–gel method, using alkoxysilanes as 

precursors. Due to the fact that the reaction is quite gentle and that dopants, such as 
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small amounts of nanoparticles (e.g., CeO2, ZrO2, etc.) with beneficial effects on the 

corrosion resistance, can be easily introduced in the silica layers [61], this approach 

is extensively used in corrosion protection. These silica layers, especially when 

doped or containing embedded nanoparticles, could significantly improve the bar-

rier properties of the coatings and consequently their corrosion behavior.

Besides SiO2, a wide range of sol–gel coatings, such as ZrO2, TiO2-SiO2, and 

Al2O3-SiO2, can be deposited on the surface of steel [60]. Thus, thin coatings of 

ZrO2, SiO2, 70SiO2-30TiO2, and 88SiO2-12A12O3 sol–gels have been prepared from 

sonicated sols and deposited by the dip-coating technique on stainless steel [62].

Mesoporous sol–gel coatings and nanoparticles are suitable as inhibitor carriers 

for self-healing corrosion resistant systems. Films formed with bis-[triethoxysilylpropyl]

tetrasulfide doped with cerium nitrate applied on hot-dipped galvanized steel exhib-

ited improved corrosion protection when compared to the coatings without cerium 

salt [52]. A sol–gel film for carbon steel was prepared by the copolymerization of 

epoxy resin and a hardener while varying the composition of TiO2-SiO2-ZnO-CeO3 

pigments [63]. The hybrid pigments conferred good adhesion on substrate surface and 

improved corrosion resistance of the coatings.

22.3.3  Other Methods for Self-Healing Coatings Preparation

Other methods to prepare self-healing coatings are:

32] or filmograph application [16]

Immersion followed by thermal treatment [18, 30, 52]

Self-assembling (e.g., a self-assembled monolayer (SAM) on steel can be 

obtained by using of hexadecanoate ion C15H31CO2
−) [64]

Electrodeposition (e.g., electrodeposition of cerium-based oxide layers on carbon 

steel from cerium nitrate) [65]

Impregnation of sol–gel films with inhibitor-loaded polyelectrolyte multilayers. 

The polyelectrolyte contains polycations, polyanions, or both. Active species 

deposited into the polyelectrolyte film are able to be released on demand produc-

ing self-repairing [55].

All these methods offer wide possibilities for the design of application oriented 

self-healing material systems.

22.4  Conclusion

Self-healing coatings are promising alternatives to classical methods aimed at the 

protection of metallic substrates against corrosion. Thus, self-healing increases the 

durability and reliability of metallic devices while reducing maintenance costs. 

Although a large number of self-repairing systems were reported in the literature, 
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there are many others for different systems that, though not discussed, are not any 

less important. The development of new systems to protect metallic substrates 

against corrosion is a challenge of great importance for many industrial applica-

tions. The understanding of the systems’ complexity and of the healing mechanisms 

will certainly lead to new discoveries in this field, which has a great future. Further 

developments should be oriented towards the production of novel self-repairing 

composites, new healing agents, a broader range of healing mechanisms, and the 

improvement of preparation technologies.
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    Chapter 23   
 Overview of Silane-Based Polymer Coatings 
and Their Applications                     

       Katsuhiko     Sano     ,     Hideyuki     Kanematsu     , and     Toshihiro     Tanaka    

    Abstract     Silane resin coatings, their structure, characteristics, and applications are 
reviewed. Generally, silane compounds are classifi ed into two types, silicone and 
silicates, and make up organic paints and coating agents that are easy to handle and 
inexpensive and have high designing capability. However, they are vulnerable to 
ultraviolet light and heat due to the carbon–carbon bonds which also accounts for 
their lack of durability. Therefore, the authors herein have developed and investi-
gated the applicability of alkoxysilane compounds for coatings and painting fi lms. 
Conventionally, the mechanical strength and adhesion force to the substrate have 
not been good for silane polymer resins. However, the newly investigated and devel-
oped alkoxysilane compound fi lms could solve these conventional problems. The 
concepts of the novel silane compound fi lms and the rational for the research and 
development will be described. Further, the application possibilities in many indus-
trial fi elds will be introduced in this chapter, with concrete examples mentioned.  
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23.1       Introduction 

 In our modern civilization, we are surrounded by lots of construction, facilities, 
machines, and instruments on a daily basis. We can see soon the surfaces of them are 
coated by paintings; their applications are generally very versatile, ranging from just 
a decoration such as a coloring agent to electromagnetic or other optical functions 
for material surfaces. Paints are one of the most useful and fl exible surface- coating 
methods among these many processes. 

 Since recorded history, there have been many materials used as paints and coat-
ing agents [ 1 ]. In days gone by, natural materials such as glue derived from animal 
bones and skins, plant sap, and lacquer have all been used as binders. However in 
modern days, various organic polymers have been devised with the advancement of 
engineering and technology, establishing mainstream paints, coatings, and binders. 

 As representative organic polymers for coating, paints, and binders, the following 
examples can be mentioned: alkyd resin, urethane resin, acrylate resin, epoxy resin, 
and polyester resin. These  organic polymers   have a basic structure composed of car-
bon–carbon bonds and various unique characteristics can be expressed depending on 
the combined species when monomers bind to form polymers. Basically, organic 
polymers for painting and coating have characteristics that they could improve work-
ability by dilution or addition of chemicals as additives and also extend the applica-
tion. Due to their high fl exibility, these paint fi lms could follow the deformation of 
substrate (i.e., shrinkage) as well as high resistance against cracking and spalling. 

 Even though paints and coatings composed of  organic polymers   might seem to be 
good in all aspects, they inevitably have some weak points. To name a few, there are 
phenomena that affect their applicability that occur on a daily basis. When a person 
lounges against a wall, their clothing may be contaminated with a white powder. This 
is called chalking where the main backbone of organic compounds is composed of 
carbon–carbon bonds that are collapsed by ultraviolet light, causing the paint fi lm to 
be deteriorated and resulting in shabby-looking surfaces. Also, since the paint fi lms 
could be composed of nearly all organic compounds, they do not have high heat 
resistance, potentially causing a fi re to spread. This could be controlled by the addi-
tion of a fi re-retarding material. However, decomposition at approximately 200°C 
could form toxic gas or cause the painted substrate materials heavy damage. When 
steel is used as substrate, rust might form at the site of spalling, since it would be 
exposed to a high-temperature atmosphere directly. Therefore, heat resistance is 
often required for applications. 

 Silane polymers are often used to compensate for such a weak point in the applica-
tion. It has a main backbone composed of Si–O–Si. This is called a siloxane bond, and 
the technical term corresponds to an all-inclusive expression for organo- polysiloxane 
possessing various organic groups as a side chain. In the broad sense, quite a few 
compounds synthesized in various ways belong to the category at present. The com-
mon characteristics for compounds in this category are high heat resistance, cold 
hardness, insulating, repellency, and a weathering, all of these properties deriving 
from the siloxane bond itself. These merits have led the compounds to be used in 
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versatile applications such as lubrication, caulking materials (fi lling chinks in walls), 
cooking devices, etc. In the painting and coating fi elds, silicone and silicate are 
typically used. However, these materials are diffi cult to use from both stability and 
handling perspective. Therefore, the frequency of their use has not been very high at 
this point. In this chapter, the technology for the production of silane polymers as 
painting materials, their characteristics, and their applications will all be described.  

23.2      History   of Development 

  The silane compound has a relatively short history. Organic silicon composed of 
silicon with organic groups was synthesized by Friedel and Crafts for the fi rst time 
in 1863 [ 2 ]. After that, Kipping proposed a new synthesis processes [ 3 ] and since 
then various processes for the production of organic silicon have been investigated. 
Finally, a direct process was realized for the production of organo-silicone polymers 
in 1941 [ 4 ]. In the 1940s, commercial exploitation of the compounds began due to 
their high thermal stability and electric resistance, extending the range of their 
applications to insulating coating, sealing materials for architectures and machines, 
etc. Recently, they are used for medical materials and implants, since they generally 
have high biocompatibility. Due to their high heat resistance and low staining prop-
erties, application as cooking appliances has already begun as well  [ 5 ,  6 ].  

23.3     Challenges with Silane-Based Polymer Coatings 

 Silane polymers have various excellent properties. However, they still have some 
problems when they are applied to painting and coating materials, realistically result-
ing in narrow fi eld of application. 

 Generally, silane polymers are classifi ed into two main classes,  silicone and sili-
cate  . Silicone has methyl groups as a side chain, where the bond between the main 
chain and side one can be expressed as Si–C. On the other hand, silicate has a silox-
ane structure as the main chain (Si–O–Si) with methoxy groups as a side chain. The 
bond between the main and side chains is Si–O. Silicone has a relatively low surface 
tension as a liquid and a low surface free energy (20 mJ/m 2 ) as solid when compared 
with those of epoxy resin (about 40 mJ/m 2 ), urethane resin (about 50 mJ/m 2 ), and 
acrylic resin (about 40 mJ/m 2 ) [ 7 ]. Therefore, they tend to detach from the sub-
strates as a solid fi lm, even though they might be easy to get wet and stretch out on 
substrates as a liquid. It means the material is not appropriate for long-term service. 
When silicone polymers are applied to insulation coatings for electronic industry 
materials, they could be coated to avoid spalling, as they might wrap the objective 
electronic materials. The deterioration of mechanical strength would not be an 
issue, as the parts would not touch with others often. However, these basic weak 
points cannot be solved; therefore they are coated in different ways. 
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 There are some methods to solve the weak attachment forces. Usually,    silicone 
materials such as silicone oil have polysiloxane structures, straight-chain organic 
compounds with organic functional groups such (e.g., methyl group) as a side chain. 
If the straight chain is partly cross-bridged, the compounds would change to become 
fl exible and elastic, such as in silicone gum. The bridging materials and additives 
used at that point could increase the adhesive property. However, even in such a case, 
the viscosity of silicone before cross bridging would still be generally high, and it 
must be diluted by an appropriate solvents. When they are applied to paints, volatile 
organic compounds (VOC) would be emitted, leading to environmental concerns. 

 Silicate may partly solve some of the problems, particularly the low attachment 
force that silicone materials have had, since their free surface energies are generally 
higher than those of silicone. Silicate also has the same polysiloxane structure as 
does silicone with an alkoxy group (i.e., –OR, with R being a hydrocarbon). 
Condensation polymerization occurs by de-alcoholization via hydrolysis, absorbing 
moisture in air. Theoretically, all alkoxy groups react to become silicon dioxides. 
Due to the restrictions of molecular movement, some parts of the alkoxy groups 
remain as unreacted solid polymeric substances. At this point, the decrease of vol-
ume for silicate becomes a problem, since the alcohol contents are released by de- 
alcoholization. This leads to the accumulation of inner stresses and tends to form 
cracks easily without the mitigation of the inner stresses, since the polymeric sub-
stance is generally rigid and adamant. As for the painted materials, the inner stress 
becomes larger than the cohesion force, forming cracks while developing spalling 
and detachment. Therefore, tone must be cautious about the application of paints 
and coating. Since the inner stress in coated fi lms increases with thickness, a fi lm 
thinner than several micrometers generally has a more diffi cult time forming cracks. 
However, the tendency and danger of  crack formation   increase with a thickness 
greater than several micrometers. Therefore, the usage of silicate instead of silicone 
would lead to spalling and detaching, even though the adhesion force to the sub-
strate might increase, particularly when the thickness is not homogenous. 

 In addition to that, insuffi cient mechanical strength and low resistance against 
physical impacts would lead to the inappropriate selection of paint and coating 
materials, which could be attributed to the low cohesive force due to the chemical 
structure of  polysiloxane  . The chemical instability against alkali and acid chemicals 
would also narrow the possible applicability of silicone [ 6 ]. In conclusion, silicate 
would be diffi cult to use for paint and coating fi lms. 

 On the other hand, silicone is still very attractive for paint and coating fi lms. 
Their high weathering, heat resistance, cold resistance, and insulation properties are 
very attractive as paint and coating materials. Particularly, their weathering is very 
important for outdoor applications. Every day, infrared, visible, and ultraviolet 
lights are shining down on Earth as sunlight. Among all of them, ultraviolet light 
has the shortest wavelength, able to decompose organic compounds thus deteriorat-
ing industrial products composed of them. Generally, the  ultraviolet light   is  classifi ed 
into UV-A (315–400 nm), UV-B (280–315 nm), and UV-C (lower than 280 nm) due 
to their wavelength ranges. Almost 99 % of the ultraviolet reaching the Earth’s sur-
face actually is UV-A. UV-C does not reach the Earth’s surface, since it is absorbed 
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by the ozone layer (Fig.  23.1 ) [ 8 ]. The deterioration of organic compounds by ultra-
violet light could be attributed to that of the polymer’s main backbone which is 
composed of C–C bonds. Since the binding energy is 356 kJ/mol, the ultraviolet 
light, with its wavelength lower than 340 nm, could break the bond easily. The same 
decomposition by ultraviolet could occur for a C–O bond that has a binding energy 
of 329 kJ/mol, since the energy of UV-A could decompose it easily enough. 
Particularly, an epoxy resin composed mainly of C–C bonds and C–O bonds is very 
weak against ultraviolet light [ 9 – 11 ]. On the other hand, the binding energy of Si–O 
bonds, the main backbone of silicone, is relatively high (444 kJ/mol) and would 
require exposure to UV-C in order to break the bonds. However,  since   UV-C is 
absorbed by ozone layer, as described above, it can be stated that silicone has higher 
resistance against the ultraviolet light.

   By strengthening the weak points (i.e., relatively low mechanical properties, 
adhesion force) by enhancing weathering, the application to paints and coating has 
been extended.  

23.4     Properties of the Newly Developed Coating Material 
and Its Applications 

  The problems that could not be solved by conventional silicone resin nor silicate 
could be solved by an alkyl-alkoxysilane compound,    a newly developed silane com-
pound. The compound replaces some parts of the functional groups of alkoxysilane 
with alkyl groups such as a methyl or phenyl group. Even if alkoxy groups might 
detach through hydrolysis reactions, alkyl groups could remain in the compound. 

SUN

Ozone layer

UV-A : Largely transmit 
the ozone layer

UV-B : Barely transmit
the ozone layer

UV-C : Non transmit
the ozone layer

  Fig. 23.1    Three types of 
ultraviolet light       
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Therefore, it does not accumulate inner stresses as much when compared to silicate 
and can also control crack initiation. As for surface free energy, alkyl-alkoxysilane 
compound is larger than that of silicone, with the adhesion force to substrate being 
higher than that of silicone. These properties depend on the content ratio between 
alkoxy and alkyl groups. Some examples of this are mentioned herein. 

 When the ratio of alkoxy groups is higher, shrinkage would become remarkable, 
since lots of alkoxy groups would detach from the compounds through a hydrolysis 
reaction. As a result, the silicate-like properties would become dominant. It would 
lead to a high adhesion force and high probability of crack initiation. On the other 
hand, when the ratio of alkyl groups is higher, there would be few alkoxy groups 
detaching from the compound through a hydrolysis reaction. As a result, the 
silicone- like properties would be dominant. Flexibility of the coating fi lm would be 
high, even though the adhesion force to the substrate would be relatively low. In 
addition, the species of alkoxy and alkyl groups would affect the physical properties 
of coating fi lms. The alkoxy group would affect the rate of hydrolysis reaction and 
the extent of shrinkage. On the other hand, the alkyl group would mainly affect the 
fl exibility of coating fi lms. For example, methyl groups could increase the hardness 
of the fi lm and phenyl groups could increase its fl exibility. 

 In addition to these main groups, cure agents, pigments, and other additives could 
increase various chemical and physical properties of coating fi lms. The importance 
of cure agents follows for alkoxysilane. Those cure agents available for such pur-
poses are classifi ed into two types, phosphate compounds and organic metals. As for 
the metal components of organic metals, aluminum, titanium, zirconium, tin, and 
silicon can be mentioned. These metals can be used separately or together, depending 
on the case [ 12 ]. There are also many chemical structures of organic metals, (i.e., 
alkoxy groups such as methoxy group chemicals with chelates, plural ligands, or a 
combination). The complicated combinations of those metals and organic groups 
could control the reaction behaviors and reaction rates. Unfortunately, conventional 
silicone and siloxane could not control the reaction progress due to their high reactiv-
ity. Therefore, the products often contain two types of agents, a base resin and a cure 
agent. This type often has problems from the viewpoint of workability. In addition 
to that, stability might become problematic. However, a compound composed of 
alkoxysilane could contain cure agents from the start which could solve the problems 
of conventional agents. 

 As for the other characteristics of alkoxysilane, a broad range of viscosity can be 
mentioned. When an alkoxysilane compound with lower viscosity is to be used, 
paint and coating material of low viscosity could be produced without any organic 
solvent needed for the dilution; this is particularly the case for liquid alkoxysilane, 
with a structure close to that of silicone. Therefore, the surface tension is generally 
low and the wettability is high. The combination of low viscosity and surface ten-
sion would make the coating fi lm that could follow the change of substrate’s surface 
profi le, thus penetrating the very tiny pores on the substrate’s surface. 

 As for the reaction of the silane compounds with gas phases in air, it has a type 
of fi lter function. For example, carbon dioxide cannot penetrate through a fi lm 
 composed of said compound. However, water molecules can penetrate through it. 
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This fi lter function could release alcohol components as by-product into the air, and 
the alcohol does not remain in the silane compound’s resin [ 6 ]. 

 All of these unique properties have made many further applications available [ 6 ]. 
In the following sections, it will be described and explained how the silane compound 
could be applied to many industrial cases that have been investigated so far.  

23.4.1     Spray Coating and Its Sealing 

23.4.1.1     Metal Spray Coating 

 Originally, research and development of the silane compound began with the appli-
cation as a sealing agent for spray coating. The meal spray coating has been applied 
to many anticorrosive materials. One of the representative materials is steel for high 
 corrosion resistance  . For the concrete application of spray coating to corrosion- 
resistant steels, the sandblast process has often been used as a pretreatment to 
remove corrosion products such as rust, oil contaminants, and painted fi lms. Usually 
in this process, hard small mineral balls called grid are sprayed onto the material 
surface with compressed air. This process also increases the roughness of the speci-
men’s surface to some extent, so that the following fi lm formation process would be 
favorable. After that, spray coating should be completed. The choice of coating 
fi lms is usually done from the viewpoint of the electrochemical properties and the 
differences between the fi lm and the steel substrate. Usually,  zinc, aluminum, and 
magnesium   are used as spray coating materials. Each of these metals or a combina-
tion of metal powders is melted or semi-melted through the fl ame, arc, or plasma 
spray coating processes and sprayed onto steel surfaces by compressed air or high- 
velocity fl aming gas. The spray coating process can be classifi ed into many types 
and the best one is chosen, depending on the spray coating material and target sub-
strates. The spray-coated metal is then coated and stacked on steel substrates to 
form corrosion-resistant fi lms [ 13 ]. 

 Metal spray coating fi lms are used not only for corrosion resistance, but also for 
other various purposes in order to give different functions to the steel surface. Even 
though the application might be very interesting and useful as a surface treatment 
technology, this chapter cannot cover all of them. Readers can refer to many other 
sources found in literature relating to spray coating. Figure  23.2  shows an example 
of a spray coating apparatus, specifi cally an arc spray coating apparatus where zinc 
and aluminum wire are used to form a zinc–aluminum alloy fi lm on steel surfaces.

23.4.1.2        Other Spray Coating Processes 

 Basically, any materials can be used as a spray coating material, if they can be 
melted somehow. For example, ceramics,  cement  , and resins are examples of spray 
coating materials. The choice of material depends on the end use. For example, 
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ceramic coatings are used for electronics to improve the insulation properties and 
heat resistance. Resin coatings are often used to improve the corrosion resistance of 
specimens. Particularly, a resin coating does not require any full-scale large appara-
tuses and can even form thick fi lms for any substrate shape.  These   merits have 
widened their availability for many different applications.  

23.4.1.3     Sealing Agents for Spray Coating 

  Generally there are many pores, cracks, and other surface variations on substrates 
after they have been spray coated. Basically, it is very hard to decrease these surface 
defects completely. From the viewpoint of corrosion protection, the surface defects 
would allow an aqueous solution to penetrate through them and to reach the sub-
strate surface, which might cause corrosion. In such a case, the spray coating for 
corrosion protection would not achieve its intended purpose. And for electronic 
parts, the spray coating would fail to satisfy not only the corrosion resistance but 
also other heat resistance and insulation properties. Therefore, surface defects such 
as crevices and pores should be minimized as much as possible. 

  Sealing agents   are the chemicals used to fi ll the surface defects. Organic chemi-
cals such as epoxy resins, phenol resins, silicone resins, as well as inorganic 
 chemicals such as sodium silicate and silicate are used for this purpose. As for 
organic sealing agents, their solid content is usually adjusted to 10–15 wt% by 
organic solvents. The dilution is carried out to decrease viscosity and surface ten-
sion, so that the sealing agent can effectively penetrate into the surface defects. 
Without the dilution, the penetration would be not enough to fi ll the surface defects. 

Compressed air

wire

wire

Arc

Substrate
Feed Roller

DC power source 

  Fig. 23.2    Schematic illustration for a spray coating apparatus       
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However, even if the defects are fi lled with the diluted sealing agents, the evapora-
tion of organic solvent would decrease the solid content remaining in those defects. 
Therefore, the coating process should be repeated several times. However, evapora-
tion may lead to environmental problems, since the released organic component 
might be often hazardous or toxic. In addition to these demerits, the additional 
painting process after sealing process might be needed from a design viewpoint, 
such as in the case of outdoor structural steel components. This would lead to the 
increase of the processes required and the total cost. In fact, so far it has affected 
spray coating process and completion time. To solve all of these problems, a one-
component silane sealing agent based on alkoxysilane compound was proposed and 
then developed. 

 A key property required for sealing agents is that the agent should pierce deep 
into the heart of defects without leaving unfi lled gaps. The viscosity should be kept 
low so as to penetrate into narrower pores as much as possible. However, too low 
of a viscosity might lead to some problems for workability (i.e., dripping) when the 
objective surfaces are set vertically or are inverted. From this viewpoint, the vis-
cosity should be set appropriately. Impregnation starts soon after the sealing agent 
has made contact with the spray-coated fi lm. On the other hand, if the viscosity of 
silane sealing agent is too high, the impregnation rate would be too slow to pierce 
deep enough into the heart of defects. The agent can react with moisture in the air 
and prematurely initiate the hardening process. The problem with the sealing agent 
hardening too much before impregnation might also occur in the case of low- 
viscosity sealing agents. In this case, the ratio of hardening agent to silane resin can 
increase the hardening rate drastically, causing rapid hardening to occur. Therefore, 
the control of hardening rate is very important from various viewpoints. For the 
purpose of corrosion protection, the thickness of spray coating fi lm should be 
approximately 100 μm with the time for the sealing agent to reach the heart of 
surface defects being small. Therefore, the hardening time can be estimated as a 
maximum of 24 h in most cases. However, roughly 40 h may be needed in some 
cases, when the thickness of spray coating fi lm is several hundred micrometers. 
This type of silane resin as sealing agent would also be available for dense spray-
coated fi lms that would have few pores and crevices. After hardening, the impreg-
nated silane resin would work as an anchor to attach the substrate fi rmly. In such a 
case, the spray-coated fi lm could be not detached from the substrate without being 
broken apart. 

 The silane sealing agent is usually applied to spray-coated fi lms in one of the 
following two ways. In the fi rst case, it is applied to the spray-coated fi lms, and then 
it is removed from the surface before hardening completely, the agent remaining 
only in the surface defects. In the second case, the painted fi lm on the substrate 
surface remains without being removed, so that the fi lm displays a certain color tone 
with added pigments. If the silane resin fi lm has very high weathering and corrosion 
resistance, inorganic pigments (e.g., burned pigments) are often used to prolong the 
service life. 

 When a colored sealing agent is made with silane resin and is applied to spray- 
coated fi lms, fi ne pores work as fi lters, and the silane resin component preferentially 
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impregnates them. And as a result, only pigments remain at the surface of fi lm. 
Therefore, the concentration of pigments would be high at the surface. Figure  23.3  
shows the stability of sealing agents in a long service life, when no change in color 
or chalking would occur in the formation of the spray-coated fi lms, thus allowing 
them to realize their high weathering .

23.4.2         Application for Hot-Dip Galvanized Steel 

   Under the similar concept with that of spray coating, the alkoxysilane resin could be 
applied to  hot-dip galvanized steel   in order to enhance the weathering of the steel. 
When steel is immersed into a melted zinc bath at around 450 °C for a very short 
time (typically several seconds to minutes), the iron reacts with the zinc to form 
thick zinc fi lms (thickness ranges from several micrometers to several hundred 
micrometers) on its surface. At the interface between the steel and zinc layer, an 
intermetallic phase between the iron and zinc forms, usually increasing the adhe-
sion force of the fi lm. The steel with zinc fi lm produced in this manner is called 
 hot-dipped galvanized steel  . Generally, zinc fi lms protect the steel substrate by the 
sacrifi cial anode effect. When a fi lm has defects on the surface (e.g., pores, crevices, 
etc.), environmental moisture or solutions could make contact with substrate steels. 
However, the upper zinc layer would dissolve preferentially, due to the potential 
difference between zinc and iron. As a result, the steel substrate would be protected 
against corrosion, so long as zinc layers exist. 
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  Fig. 23.3    Weathering for various organic paints exposed in practical environments       
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 However, painted coating applied to the zinc layer actually improves corrosion resis-
tance of surface layers much more and also increases the color tones at the same time. 
Usually, zinc-rich paint coatings have been used for this specifi c purpose [ 14 ]. However, 
the applicability of alkoxysilane resin painted onto hot-dipped galvanized steel as 
substitute for zinc-rich paint was investigated, and the availability was confi rmed. 

 Generally, organic paints on hot-dipped galvanized steel are easily broken down 
by ultraviolet light gradually, thus causing chalking. The painted fi lm also can 
become thinner and thinner from exposure to the weather. On the other hand, painted 
fi lms composed of silane resin have high resistance against ultraviolet light. 
Therefore, the service life can be prolonged in the case of silane resin. Usually, the 
painting process for hot-dipped galvanized steel is composed of multiple layers 
being applied to the surface. At a minimum, there is a priming coat and a top coat. 
When the top coat is applied to a prime coat composed of zinc-dispersed or 
aluminum- dispersed paint, the silane resin could fi ll in the defects of the prime coat. 
The top coat could also protect the substrate. Even if the top coat deteriorated for any 
reason, the prime coat would continue to work as an anticorrosion paint. All of these 
characteristics would work collaboratively to make the corrosion protection for steel 
last over a long period of time. Silane compounds could be applied not only to steels 
but also to other nonferrous materials as corrosion protection paint. By adjusting the 
composition of the silane compounds, the application will spread much more  .  

23.4.3     Sealing Agents for  Anodic Oxidation Film   

  Generally, some metals can form protection fi lms on their surface by electrolysis, 
where the metal itself is used as an anode in an electrolyte. It is called anodic oxidation 
[ 15 ]. Particularly, aluminum is very well known for the process [ 16 ]. However, 
titanium [ 17 – 22 ], magnesium [ 23 ,  24 ], and others are also available for the process. 

Barrier layer 

Hole  Fig. 23.4    Schematic 
illustration for the structure 
of an anodic oxidation fi lm       
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 As sealing agent, the silane compound could be applied not only to the spray coat-
ing, but also to the anodic oxidation fi lm containing microscopic pores. However, the 
pores of an anodic oxidation fi lm belong in the nano-order (several tens to several 
hundreds of nanometers), much smaller than that of metal spray coatings (Fig.  23.4 ). 
In addition, the shape of the pores for an anodic oxidation fi lm is usually different 
from that of metal spray coatings. The former is a rod-like pore where one end is 
completely stopped up, while the latter is spread in the form of a net. In the case of 
spray coating pores, a silane resin of low surface tension  impregnates along the wall 
of the pore where the center part has room for the penetration of agents. In the case 
of pores for anodic oxidation fi lms, it is hard for sealing agents to impregnate along 
the wall as well as in the center. Therefore, air can often remain at the bottom of the 
pore, since the pore of an anodic oxidation fi lm is almost one dimensional. The situ-
ation is very different from the pore of a spray coating fi lm, where the pore can lead 
to some exterior surface where the entrapped air could escape. The remaining air 
could be minimized through the usage of a silane resin whose surface tension or 
viscosity could be reduced by adjusting its components.

   One of the unique characteristics for anodic oxidation fi lms is their hardness 
after sealing. Particularly for aluminum’s anodic oxidation, the fi lm initiates cracks 
since the solidifi ed silane resin can be too hard. Usually, the unfi lled pore could 
mitigate the inner stress caused by the difference between the thermal coeffi cients 
of substrate aluminum and aluminum oxide as a fi lm. However, a pore fi lled with 
hard silane resin would decrease the stress relaxation function for microscopic 
pores. To solve this problem and control the initiation of cracks, the silane resin 
could be applied after the hardening process completed. As described above, silane 
resins still have promising properties that can be used to seal the pores of anodic 
oxidation fi lms. The application opportunities will increase with that of the anodic 
oxidation fi lms themselves .  

23.4.4     Protection of Concrete and Rocks 

23.4.4.1     Deterioration of Concrete and Its Protection 

   Concrete   has been used widely in construction since it can be produced at low cost 
and its synthesis is quite easy. It is composed of cement mixed with aggregates 
(e.g., sand and gravel) and solidifi es into its fi nal form when mixed with water. 
Its characteristics are determined by the mix ratio of components, the additives, and 
their amounts. Basically, the concrete has high resistance against compression, 
while it is weak when exposed to tension. Therefore, the concrete itself is easy to 
break when the structure bends. To increase its resistance to tension, steel is inserted 
in various shapes to form reinforced concrete. Usually, bar-type steel is used and is 
called rebar. However, there are many types of shapes available for reinforced steel. 
The reason why steel is used for reinforcement could be attributed to the fact that 
the thermal coeffi cient of concrete is almost the same as that of steels. Even if the 
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steel rebar reinforced concrete deformed at elevated temperatures, fractures would 
not easily occur [ 25 ]. 

 Since concrete is free from the threat of oxidation and rust, it seems to be stable at 
a glance. However, it can deteriorate due to environmental exposure. To name a few, 
the surface of concrete can be damaged by the solidifi cation of water that penetrates 
into its subsurface. Wear by wind and rain, automobiles, water waves and fl ows as 
physical phenomena, chemical deterioration by chloride ions and exposure to carbon 
dioxide in the air, and so on are but a few examples. Most of these attacks from the 
environment can be controlled by maintenance and repair with mortar. Or the con-
crete itself could be strengthened by adjusting its components and production condi-
tions. However, some problems cannot be solved by such a countermeasure. One of 
them is the freezing of water inside concrete, a phenomenon that is often observed in 
cold areas. When water penetrates into concrete and freezes, the volume increases 
inside of the concrete, thus generating inner stress. When the inner stress increases 
and exceeds a threshold value, concrete begins to collapse locally. When the process 
is repeated, the steel rebar begins to make contact with the environment directly. 
As the severe corrosion of steel rebar occurs, this leads to the overall deterioration of 
concrete structures [ 26 ]. The phenomenon has been diffi cult to solve by just increas-
ing the covering depth of concrete or by preventing water penetration with conven-
tional paintings. In such a situation, it has been confi rmed that alkoxysilane 
compounds could work well to protect the concrete from freezing water. When the 
alkoxysilane is adsorbed at the surface of the microscopic walls, the water-repellent 
characteristics of alkoxysilane resin push the inner water up through the pore of con-
crete to the outside area. It could protect any external material from penetrating into 
the interior of the concrete since alkoxysilane is a monomer and can impregnate to a 
depth of 4–7 mm. The penetration depth of alkoxysilane resin and the water-repellent 
characteristics are dependent on the pore itself. 

 As for chemical deterioration, it is a problem that is always critical for concrete 
structures. Chloride ions can come from seawater or deicing agents. It penetrates 
into the heart of the concrete and reaches the steel rebar where the corrosion of steel 
begins. Since the corrosion products increase the volume of rebar, inner stress 
occurs leading to cracks and spalling [ 27 ]. The coating of the concrete could solve 
the corrosion problem due to the penetration of chloride ions. However, conven-
tional organic paints do not have an adequately high adhesion force, since they are 
typically attached to the concrete’s substrate. In addition, they are vulnerable to 
ultraviolet light. Therefore, the coating fi lm often breaks away in the service envi-
ronment. On the other hand, silane resin could completely block out chloride ions. 
When applied to the concrete coatings, the corrosion protection of the steel rebar 
would be much more effective. The silane resin could penetrate into the pores of 
concrete deeply to develop the anchor effect in order to increase the adhesion force 
of the coating fi lm. 

 Deterioration induced by carbon dioxide is a type of concrete chemical damage 
called carbonation [ 28 ]. Concrete’s environment is strongly alkaline. Since iron is 
very stable in an alkaline environment, it does not typically corrode. However, 
there are some exceptions. Chloride ions are one of those, as described above. 
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Carbon dioxide is another. Concrete absorbs carbon dioxide in the air and neutralizes 
calcium hydrate within itself, an important factor for the internal alkaline environ-
ment. Therefore, the pH of concrete generally decreases with the progress of the 
carbonation process. The phenomenon occurs at the interface between the concrete and 
the atmosphere. The layer where carbonation occurs then moves into the inner part of 
concrete gradually. When it reaches steel rebar, the corrosion of steel begins since it is 
not when exposed to acidic conditions. In this case, the corrosion product induces the 
inner stress and breaks away from the concrete itself. Fortunately, silane resin could 
block out carbon dioxide just like chloride ions. This can be accomplished by two 
ways: through hardening on the surface and hardening after pore penetration .  

23.4.4.2     Deterioration of ROCK and Conservation 

 In our modern time,  rocks   are still used for constructions and many other objects. 
Even though rocks may be durable, they usually change their appearances and dete-
riorate due to external causes over tens or hundreds of years. Therefore, rocks often 
need conservation treatments. For example, marble used in ceilings and walls show 
improved brightness after polishing and when the surface is free from contamina-
tion. However, they actually have surface pores where contaminants can penetrate 
causing blemishes and stains. When the micro-pores on surfaces of rocks are fi lled 
with silane resin, any contaminants could no longer penetrate into the pores, thus 
solving the contamination problem. 

 For some stone materials made of rocks, “burner fi nishing,” or roughening the 
surface of a rock by gas burners, is often carried out as a nonskid treatment. The 
surface would then be roughened too much, losing its original color tone. To adjust 
them from and atheistic viewpoint, silane resin could be applied to the surface as a 
coating. Concretely, the silane resin paint could change the roughened surface back 
to the original color tone of the polished rock. 

 In addition, the penetration of water into stone materials through their micro- 
pores can lead to deterioration due to the freezing, similar to the problem seen in 
concrete structures. The application of silane resin would solve this problem as 
well. Recently, the compound’s characteristics have been be utilized in aiding in the 
protection of cultural assets made of rocks and stones [ 29 ].   

23.4.5     Antibiofouling 

23.4.5.1    Biofouling 

  Biofouling occurs around us on daily basis. In bathrooms and kitchens, viscous sub-
stances typically form on products and commodities stored within. Outdoors, one can 
see slimy matter at the inner wall of pipes. Along seacoasts, one could observe bar-
nacles and  other   marine organisms attaching themselves to ships, structures, and piers. 
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From this viewpoint, biofouling can be seen everywhere. Biofouling is classifi ed into 
two main categories: microfouling and macrofouling. The former is mainly caused by 
bacteria, leading to the formation of slimy matter and often brings about corrosion. 
The latter is caused by larger marine organisms such as barnacles and oysters as 
described above. These two categories are never independent of each other. Rather, 
they are related and actually microfouling is in most cases the previous step for the 
occurrence of macrofouling. Therefore, the control of biofi lms, the main factor of 
microfouling, is very important. However, it is often very diffi cult to control biofi lms, 
since many complicated factors are involved in its formation and growth [ 30 ]. 

 One of the countermeasures is the use of antibacterial materials. Biofi lms are caused 
by the attachment of bacteria to a material’s surface. If the surface had antibacterial 
properties, the bacteria would avoid attaching to its surface. Even though bacteria 
could attach to the surface, the antibacterial surface would inhibit its growth remark-
ably. Therefore, silver, copper, titanium oxide, and others have been applied to the 
surface coating of materials, so that an antibacterial coating could be achieved. 
Those three materials have been well known for their practical antibacterial effects 
[ 31 ]. Among all of these matters, titanium oxide shows its antibacterial effects 
through photocatalytic properties. However, the other metallic elements such as silver 
and copper do not have any photocatalytic properties. Those metals form ions in aque-
ous environments and the formed ions could control bacterial growth to bind with 
proteins on bacteria surfaces. Those metallic ions could easily react with the proteins 
on bacterial membranes to inhibit their enzymatic functions in various ways. From this 
viewpoint, the appearances of antibacterial effects need to form ions of silver, copper, 
etc. as a premise. It means corrosion and deterioration occur simultaneously on the 
material’s surface where these metals would be applied to the coating directly. 

 To solve this problem, the dissolution of antibacterial metals as ions on the 
material’s surfaces could be controlled to some extent. For this purpose, silane 
resin can also be applied and utilized. In a trial, silver, copper, and other metals, or 
organic compounds are dispersed into alkoxysilane resin. They can then be coated 
onto many kinds of materials resulting in the silane resin coating controlling the 
biofouling on the substrate materials such as steel  [ 32 ,  33 ].    

23.5     Conclusion 

 Silane resin could be applied in many practical situations, and this possibility is 
expected to extend over the future. The most promising characteristic of silane resin 
is its weathering. These characteristics will be increasingly used as for infrastruc-
tures such as those in building structures and other construction application. As for 
natural rocks and stone materials, countermeasures against their deterioration of 
cultural assets will need to be developed more. Many engineers and researchers are 
accelerating their investigations into these materials. The characteristics of silane 
resins have and will be further applied to many more advanced fi elds in the near 
future.     
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    Chapter 24   
 Smart Self-Healing Polymer Coatings: 
Mechanical Damage Repair and Corrosion 
Prevention                     
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    Abstract     Self-healing polymers are special category of smart materials where its 
properties change in response to an environmental stimulus. These materials have 
the capability to repair themselves when they are damaged without the need for any 
external intervention. In the fi rst part, the principles and fundamentals of various 
types of smart coatings, materials, design, and processing methods are described. In 
the second part, various strategies to heal the mechanical damage have been tar-
geted. Employing intrinsic self-healing materials with inherent bonding reversibil-
ity of the polymer matrix is the most important strategy which has been reviewed in 
this section. In the third part, the microencapsulation approaches to self-healing 
polymer development will be reviewed. This section will characterize polymer coat-
ings that are classifi ed as self-healing, based upon self-healing agents that are 
microencapsulated, active inhibitors loaded into nanoparticles, as well as nanocon-
tainers and polymers that are constructed by the layer-by-layer (LbL) method. 
Finally, corrosion inhibitors that rely upon controlling micro- and nanoreservoirs 
release for the intercalation or encapsulation will be also reviewed. In this regard, 
application of layered double hydroxides (LDHs), porous nanoparticles, hollow 
spheres, zeolites, bentonite, and montmorillonite with active corrosion inhibitors 
are to be explained as well.  
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24.1       Introduction 

 In the recent years, the need to have longer maintainability and reduced energy cost 
has driven researchers to design new materials. One of the most important chal-
lenges is to fabricate materials that can react to external changes (e.g., mechanical 
damage) automatically and respond without any interference. Thus, these receptive 
systems could inhibit terrible failure and improve the lifetime of the materials. A 
new breed of smart polymer that is capable of repairing damage infl icted upon them, 
on demand, without the need for external intervention, has been dubbed self-healing 
polymers. 

24.1.1      Defi nition   of Self-Healing 

 Materials that are classifi ed as self-healing can automatically repair damage they 
have received [ 1 ,  2 ]. This ability has also been termed as self-repairing, self-healing, 
and self-recovery in various studies. More often than not, synthetic materials with 
self-healing properties cannot capitalize on this feature unless exposed to an exter-
nal trigger. Therefore, self-healing materials are categorized into two types: auto-
nomic (without any intervention) and non-autonomic (needs human intervention/
external triggering) [ 3 – 7 ]. The scientifi c community currently only recognizes self- 
healing materials as those that can recover mechanical strength via crack healing. 
However, studies have put forth examples of both cracks and small pinholes that 
have been fi lled and healed, each displaying improved performance afterward. 
Herein, this chapter will discuss various types of properties that can be healed.  

24.1.2     Design of Self-Healing Materials 

 Various products like plastics, paints, and even coatings have different healing 
mechanisms. Different approaches to self-healing methods will be investigated with 
the sections that follow. 

24.1.2.1     Release of Healing Agents 

 Different materials like monomers, dyes, catalysts, corrosion inhibitors, and hard-
eners are enclosed into microcapsules, hollow fi bers, or channels. During polymer 
or coating manufacturing, these reservoirs can be introduced into the systems, and 
in the case of a crack, they are broken. Then, the healing agent releases into the 
cracks, solidifi es, and heals it by capillary force. The following sections review dif-
ferent strategies used to employ these types of self-healing materials. 
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    Microcapsule Embedment   

 The methodology behind the micron-sized solid, liquid, or gas groups enclosed 
within shells that are inert is called microencapsulation and provides protection 
from the external environment [ 8 – 11 ]. The fi nal outcome of this effort is the micro-
capsule creation. Comprised of two parts, a core and a shell, microcapsules can vary 
in both size (i.e., micro, nano) and shape (i.e., spherical, irregular).  

    Hollow Fiber Embedment   

 The drawback of the use of microcapsules is the possibility of not fully healing the 
damaged area as the healing agent is in a limited supply and the point where com-
plete consumption is reached cannot be known. If additional healing agent is avail-
able in the system, better healing is possible. Therefore, hollow fi bers or vascular 
systems are inserted into the composites so as to carry a larger amount of liquid 
healing agent, thus achieving multiple healing capabilities [ 12 – 17 ]. The production 
of synthetic materials comprised of such networks is both complex and diffi cult for 
practical applications. This design is advantageous, allowing for increased avail-
ability of healing agent designated for repairing damage, ability to use various res-
ins, visibility of the damaged area for later inspection, and easy customization with 
conventional fi bers for reinforcement.   

24.1.2.2     Reversible Cross-Links 

 Polymeric cross-linking, while irreversible, provides superior mechanical proper-
ties to the material like a greater modulus, resisting solvents, and improved fracture 
strength. Disadvantages of these highly cross-linked materials include brittleness 
and a predisposition for cracking. Improved handling of cross-linked polymers can 
be achieved through the introduction of reversible cross-links within the polymer’s 
network. While reversible cross-links can be re-fabricated and show self-healing 
properties, the system as a whole does not display such ability. These systems 
require an outside stimulus (e.g., thermal, photo, or chemical stimuli) to realize 
reversibility, triggering self-healing. The two groups of reversible cross-links (i.e., 
covalent, non-covalent) which imbue self-healing properties will be investigated in 
the following sections. 

   Covalent Reversible Cross-Links 

 When considering  covalent   reversible repairing polymers, the Diels–Alder (DA) 
reaction and its retro-Diels–Alder (RDA) reaction show potential, mainly due to 
their thermal reversibility [ 18 ,  19 ]. Typically, the monomer that has the desirable 
functional groups (e.g., furan, maleimide) systematically creates two carbon–carbon 
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bonds, and polymer formation is accomplished through the DA reaction. When 
heated, polymeric degradation begins, reducing it to its basic monomeric units via 
RDA reaction; cooling reforms the polymer along with any other return to the state 
of its initial conditions. Different systems were investigated and include dicyclopen-
tadiene, maleimide/furan, and hetero-DA. Another covalent approach is a sulfur-
based chemistry relying upon sulfur bonds’ redox reactions, either light induced or 
exposure to oxidants/reducers [ 20 ]. It is frequently utilized in the formation of disul-
fi de bonds in thiol–disulfi de reactions in its oxidized form.  

   Non-covalent Reversible Cross-Links 

  Physical cross-linking is referred to the non-covalent interactions between poly-
meric chains which are not permanent with the ability to be alternatively formed and 
broken by external stimuli usually heat cycles. This cross-linking is usually consid-
ered as thermo-reversible cross-linking. The most important associations of a  non- 
covalent   nature include ionomeric, multi-hydrogen bondage, metal-ligand, and π-π 
stacking interactions [ 21 ,  22 ]. 

 Supramolecular polymers are a unique category of novel polymeric materials. 
These recently developed materials include designed complex architectures with 
non-covalent interactions that behave like macromolecules [ 23 ]. A large subcate-
gory of supramolecular polymers consists of those systems which are designed 
based on multiple hydrogen bonding. Hydrogen triple and quadruple bonding net-
works like urea, carbamate, and amide groups can enhance the physical linkages 
between polymeric chains. 

 Hydrogen bonding in coating systems provides a highly favorable type of inter-
action. In comparison with bulky polymeric materials, polymeric coating systems 
should have two main capabilities in order to strongly adhere to the substrate over 
which they are applied. The coating systems are usually formulated in such a way 
to be easily leveled on the substrate with the lowest amount of solvent usage and 
also have a high level of donating or accepting interfacial interactions between the 
coating and substrate to achieve a high degree of adhesion. Implementing hydrogen- 
bonding principles into coatings is highly desirable because it can enhance both 
applicability and adhesive properties of the coating. Hydrogen-bonded supramo-
lecular self-healing coatings are usually low molecular weight oligomer chains 
which have been designed with alternating H-donor–H-acceptor polar architecture. 
While low molecular weight promotes the applicability, polar architecture enhances 
the adhesive properties of the system. The lack of need for external material for 
healing (e.g., catalyst, initiator, capsule, etc., which can spoil other coating proper-
ties) is another advantage of utilizing H-bonding-based moieties when developing 
self-healing coating systems. 

 Ionomeric polymers contain between 1 and 20 % of ionic repeating units and 
have organic or inorganic main chains [ 24 ,  25 ]. Therefore, ionomers are known as a 
system that resides between neutral polymers and polyelectrolytes. Ionomers with 
an organic structure have been proposed for self-healing although inorganic 
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 ionomers are rarely used. In the case of deformation, the ionic groups rearrange and 
recover the damage by elastic recovery. These processes perform on different time 
scales and help the recovery of the damaged area, repairing mechanical properties 
by the creation of non-covalent bonds. Synthesis of ionomers is achievable by com-
mercially available materials, possesses impressive properties (physical/mechani-
cal), and has proven indispensable in both ballistic and various other applications. 
The combinations of these two advantages (i.e., physical properties and easy pro-
cessing) as well as the ionic bonds’ reversibility make them ideal candidates in the 
modeling of novel polymeric system with self-healing properties .   

24.1.2.3     Miscellaneous Technologies 

    Electrohydrodynamics   

 This approach consists of two walls of a metallic cylinder, double layered, surround-
ing a colloidal particle suspension [ 26 ]. The inside wall is covered by a conductive 
coating, and the outer one is coated with a ceramic insulating layer with an electric 
fi eld applied by a metal wire. When the insulating layer experiences a crack, the 
damaged area experiences an increase in current density, and the damaged area heals 
via  colloidal   particle agglomeration.  

   Conductivity 

 By introducing  conductivity   so as to insulate the polymers, they may become appropri-
ate for self-healing systems [ 27 ]. When the system experiences cracking, the electron 
penetration value in the system decreases and the electrical resistance increases. As the 
conductivity of the system drops, it can increase the applied electric fi eld, and this volt-
age bias produces extra heat in the damaged area. The system’s original form, reduced 
resistance with a large current situation, can be achieved via the generated heat. 
Generally  N -heterocyclic carbons are used for these self-healing applications.  

   Shape Memory Effect 

  Polymers that can be deformed to a temporary shape until later stimulation restores 
its original shape when triggered by external heating or other means are said to have 
the  shape memory effect   [ 28 – 30 ]. In order to push the crack surfaces closer together, 
two different methods can be employed: shape memory alloy (SMA) wires and 
shape memory polymer (SMP) fi bers (Fig.  24.1 ). For a more effective application, 
localized positioning of either of the component’s perpendicular to the crack is a 
prerequisite to success.

   As it is well understood, the coatings are usually applied on a substrate to enhance 
the appearance of the structure (aesthetic function) and/or protect it from aggressive 
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environmental degradation like corrosion (barrier function) [ 31 ]. When a coating is 
mechanically damaged, the coating partially or completely loses its aesthetic and 
barrier functions at that area, leading to a weak point which can catastrophically 
jeopardize the long-term properties of the coating and reduce the service life [ 32 ]. 
In the introduction, it was attempted to briefl y review different approaches that can 
be implemented in coating formulation to autonomously or non-autonomously 
recover some functions of a coating which have been lost during a damaging pro-
cess. In the following part, the focus is placed on the studies that aim to heal a 
mechanical damage and restore the damaged area to its original state via intrinsic or 
extrinsic self-healing mechanisms. The barrier properties and corrosion aspect of 
self-healing materials are not discussed in this part and will be considered in the 
next sections .     

24.2     Healing of Mechanical Damage 

 The pioneering developmental studies in regard to self-healing polymeric compos-
ites using encapsulated therapeutics are specifi cally in reference to a letter pub-
lished in Nature in 2001 [ 6 ]. In this paper, embedded microcapsules containing 
reactive components can be torn when they are subjected to a propagating crack tip. 
The reactive capsule ingredients are released into the crack and the previously 
embedded catalyst triggers the local polymerization, fi lling and bonding the crack 
faces. Various reactive healing agents like  dicyclopentadiene/Grubbs’ catalyst   [ 6 ], 
polydimethylsiloxane/ tungsten [ 33 – 35 ], and isocyanates [ 36 ,  37 ] have been used 
for this purpose. In such a multicomponent complicated structure, there are several 
design parameters which should be controlled to achieve effi cient healing. The most 
critical parameters such as thickness and relative stiffness of capsule shell as well as 

  Fig. 24.1    Schematic illustration of the shape memory self-healing concept (reprinted with per-
mission from [ 28 ], copyright American Chemical Society)       
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interfacial strength at microcapsule/ matrix interface should be optimized [ 38 ]. 
Evaporation of the capsules’ ingredients and thermal stability of the capsule wall 
are also vital parameters if they are to be incorporated into matrices that will be 
subjected to high temperatures during processing like epoxy systems. Therefore, the 
thermal stability should be improved. It has been revealed that combining urea/
formaldehyde with urethane chemistry to form a distinct double-walled capsule can 
enhance the thermal stability of the capsule as well as provide excellent interfacial 
bonding with epoxy matrices [ 39 ]. 

 The principles of self-healing that rely upon reversible  DA/RDA reactions   were 
presented earlier. In self-healing thermosetting systems, heat is the stimulus for both 
curing of the network and cleavage of reversible cross-linked network; the curing 
temperature and healing effi ciency can be a critical issue. In the coatings which the 
DA/RDA part has been grafted on a monomer or on the reactant oligomer, healing 
effi ciency is highly connected to the temperature at which the curing reactions 
occur. Bai and coworkers [ 40 ] investigated different curing conditions of a healable 
epoxy system so as to determine the optimal curing setting for epoxy–amine reac-
tion, while preventing the pre-scission of the DA adducts. The researchers produced 
a cross-linking diamine that possessed two adducts of DA [ 41 ]. Utilization of digly-
cidyl ether of bisphenol A (DGEBA) in the curing of this cross-linker at various 
curing regimes creates a healable epoxy system based on DA/RDA chemistry. 
Curing of thermosetting systems is usually performed at temperatures above 
120 °C. The higher temperatures lead to higher levels of cross-linking. But, on the 
other hand, such temperatures are high enough to activate RDA reactions, leading 
to DA cleavage and formation of furan and maleimide moieties. The maleimide can 
react with an amine cross-linker as a side reaction which can result in lowered heal-
ing effi ciency. It was found that curing at low temperatures around 60 °C for a long 
time can provide a high level of conversion and can also protect the DA moieties 
from undesired side reactions. In addition, these healing experiments revealed a 
high level of healing at 110 °C for a short time. Figure  24.2  depicts the scratches 
after exposing to thermal healing treatments for various short times.

   As seen in Fig.  24.2 , a  microscale scratch   on such a healable epoxy system was 
fully recovered at 110 °C after less than 5 min. It was concluded that this time can 
be even shorter provided that the temperature increases (0.16 min at 130 °C). 

 Luo and coworkers [ 28 ] have developed a new coating system which is highly 
healable, thanks to the shape memory characteristics of both thermosetting epoxy 
matrix and incorporated thermoplastic PCL fi bers [ 28 ]. They randomly deposited the 
electro-spun PCL fi bers on a surface and fi nally applied the epoxy onto the fi bers via 
spin coating technique. The  epoxy matrix   was based on DGEBA/neopentyl glycol 
diglycidyl ether (NGDE) cured with poly(propylene glycol)bis(2-amino- propyl) 
ether. Upon heating to a temperature which is high enough to soften the matrix and 
melt the fi ber, both the matrix and the fi bers try to close and rebound the crack 
edges through their shape memory character. The matrix recovery causes the 
stored strain energy at the plastic zone to be released so as to close the crack. On the 
other hand, the PCL thermoplastic is locally melted and fl ows and, therefore, leads to 
crack rebounding. This system could successfully heal plastic scratches and com-
pletely close the cracks when the damaged areas were subjected to 80 °C for 10 min. 
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 Kashif and Chang [ 42 ] have recently developed a novel healable supramolecular 
elastomer based on cross-linking of maleated polyethylene-octene elastomer 
(mPOE) with 3-amino-1,2,4-triazole (ATA) [ 42 ]. They further blended this poly-
meric system with Nylon 12 and obtained a system which was synergistically 
enriched with ionic and hydrogen-bonding interactions. It was demonstrated that 
this resultant system had a high capability to repair scratches. 

 Meijer and his colleagues were the pioneering team in inventing and developing 
such polymeric systems. They introduced self-complementary 2 -ureido-4- pyrimidone   
(UPy) motifs, with special conditions allowing self-association [ 22 ,  43 ]. UPy-grafted 
linear low molecular weight oligomers assemble into long polymeric chains and 
behave like high molecular weight polymers in dilute solutions. Such a polymeric 
structure is reversible and can be returned into its monomeric (not assembled) state at 
high temperatures or in polar solutions. Multiple hydrogen bonding has association 
energies between the strength of a single hydrogen bond and a covalent linkage. The 
association and disassociation constant of UPys is critical in controlling mechanical 
strength and self-healing effi ciency. Since hydrogen bonding contributes to mechanical 
properties at low temperatures, therefore, a high level of hydrogen bonding will 
increase the mechanical properties [ 44 ,  45 ]. But,    on the other hand, increased hydrogen 
bonding may slow down the disassociation rate of interactions, leading to slow healing. 
According to these facts, an optimized balance between self-healing properties and 
mechanical strength is the main challenge in designing self-healing polymers. 

  Fig. 24.2    Images of healed scratches exposed to 110 °C for various times ( a ) 0, ( b ) 0.16, ( c ) 1.66, 
and ( d ) 4.45 min (reprinted with permission from [ 40 ], copyright Royal Society of Chemistry)       
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 In classic polymers, the mechanical strength and modulus are attained mainly by 
chain entanglements (usually for thermoplastics) or covalent cross-linking (usually 
for thermosets). Both entanglements and covalent cross-linking are undesirable 
from a healing point of view [ 44 ]. Therefore, most self-healing systems developed 
so far suffer from poor mechanical properties. Because of this, most of self-healing 
systems have not found practical applications and been limited to laboratorial 
attempts. There have been numerous attempts to simultaneously enhance the self- 
healing and mechanical properties [ 46 ]. Sijbesma and coworkers [ 45 ] presented a 
chemically cross-linked system in which parts of the permanent covalent cross- 
links were substituted by reversible non-covalent cross-links [ 45 ]. Different 
polyester- urethane precursors were synthesized and then partially end capped with 
UPy units. Their fi ndings revealed such modifi cation which led to an increase in 
healing characteristics and a favorable balance of hardness versus ductility. 

  Electronic interactions   between different components in a molecular compound 
can also be utilized to form supramolecular polymers. Complementary electronic π-π 
stacking interactions between a π-electron lacking group and a unit teeming with 
π-electrons can provide reversible bonding between two components to self- assemble 
into a physical polymeric network. It has been demonstrated that increasing the num-
ber of sites interacting via π-π stacking on one molecule can be an effective strategy 
in the enhancement of mechanical properties as well as yielding a tough, robust 
polymeric structure. For example, Hayes [ 47 ] has shown that poly(ethylene glycol)-
based polymers end capped with three pyrenyl end groups (an electron-rich compo-
nent) had higher tensile modulus, toughness, elasticity, and yield point compared to 
the same polymer having two pyrenyl end groups when they were self-assembled 
into a diimide–ether  copolymer   (an electron-defi cient component). 

 A group of German researchers have recently combined the supramolecular 
chemistry with fl uorine-based low surface energy components, thus creating a sur-
face coating with superhydrophobic properties which can heal damage with a ther-
mal treatment in a short time period [ 48 ]. They grafted perfl uorinated compounds 
into a low molecular weight gelator based on urea. Such molecules, via hydrogen 
bonding of amide unit, can self-assemble into a long fi ber-like polymeric structure. 
These  fi brous scaffolds   create a fl uorine-enriched surface with nanometric rough-
ness that resembles superhydrophobic lotus leaves. Beside self-cleaning character-
istics, such coatings have self-reparative capabilities. The supramolecular coating’s 
scratch healing abilities were also studied. Two scratches with different widths (226 
and 40 μm, respectively, higher than and comparable to coating thickness) were cre-
ated, and the coating was subjected to 900 W microwave treatment for 20 min. 

 Results showed that the wide scratch has been partially recovered. The partial 
recovery was mainly due to the low ratio of coating thickness to scratch width. 
Therefore, there are no suffi cient supramolecules at the scratched area to completely 
fi ll the scratch. But, for the smaller scratch, it has completely disappeared after 
 thermal treatment. It was also further revealed that the superhydrophobicity of the 
coating after scratch healing remained unchanged. Such a self-healing/cleaning 
coating was a preliminary attempt and there is still a room left for optimization.  
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24.3     Nano-/Microcontainers Loaded with Corrosion 
Inhibitors 

 A live protection effect on the metal substrate can be attained incorporating corro-
sion inhibitors alongside the organic coating. The easiest method for inclusion of 
the additive is through simple mixing. However, direct incorporation of inhibitors 
can raise many problems. Very low inhibitor solubility lowers the amount of active 
species at the substrate/coating interface, and high solubility leads to corrosion pro-
tection for a relatively short period. Incorporation of high inhibitor loadings is 
needed for this case in order to reach long-term protection performance goals. 
However, this will disturb the coating curing behavior, and the water can easily dif-
fuse into the coating, leading to coating  delamination and blistering  . In addition, the 
inhibitor’s interaction with the coating matrix will result in the deactivation of the 
corrosion inhibition effect. Also, it causes very fast polymer fi lm detachment from 
the substrate. Self-healing coatings have been fabricated to overcome the aforemen-
tioned problems by synthesizing nano-/microscale containers fi lled with active 
inhibiting agents. In this way the active corrosion inhibiting species can be encap-
sulated and remains in a “trapped state” as long as the coating is undamaged. 
However, the mechanical impact or a change in the local environment forces the 
containers to release the active materials at the position needed. 

24.3.1     Synthesis Procedure Micro-/Nanocapsules 

 Micro-/nanocapsules are small particles (3–800 μm) with a core made of liquid 
material covered by a coating layer. The most important methods used to produce 
the microcapsules are coacervation [ 49 ], interfacial polymerization [ 50 ], in situ 
polymerization [ 51 ], extrusion, and sol–gel methods. Of these, interfacial polymer-
ization has been mostly used to encapsulate inhibitors in polymeric shells. The 
 interfacial polymerization   occurs at the interface between two liquid phases which 
are immiscible. For this purpose, the reactive monomer should be fi rst dissolved in 
solvent 1. Then, a stable emulsion of this solution in solvent 2 can be obtained by 
using a surfactant. The second step of the polymerization reaction is adding another 
active monomer to the polymerization phase. Micro-/nanocapsules can be produced 
through the polymerization reaction between two monomers on the surface of emul-
sion droplets.  Emulsions   with different characteristics can be used for this purpose. 
Oil-in-water emulsions are used most commonly for the interfacial polymerization 
[ 52 – 57 ]. However, other proposals include the emulsions via inverse water-in-oil 
[ 58 – 60 ] and oil-in-oil [ 61 – 64 ]. Polymers that are both linear and cross-linked can 
be exploited in the creation of capsules’ shells where the choice of polymer dictates 
the capsules’ following properties: mechanical strength, elasticity, chemical inert-
ness, and permeability. Capsules of different sizes can be obtained through stirring 
the reactants at different speeds during the emulsifi cation step. Increasing the stir-
ring speed reduces the capsules’ average diameter. The relationship between the 
stirring speed and the capsule size can be studied by  SEM analysis   [ 51 ]. Generally, 
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the size, shape, morphology, and microcapsules’ shell thickness can be altered by 
control over the stirring speed, chemical structure of the emulsifi er, emulsifi er con-
centration, pH of the reactants, thermal reaction conditions, and the length of time 
for the encapsulation reaction to occur [ 51 ,  65 – 67 ]. 

24.3.1.1     Mechanism of Smart Self-Healing 

  The on-demand corrosion inhibitor release from smart micro-/nanocapsules incor-
porated into the organic coatings yields self-healing coatings.    The corrosion inhibi-
tors’ release from the capsules can occur as a result of mechanical triggering, pH, or 
temperature-controlled stimulation. The extent of healing depends on the capsules’ 
material type as well as the capsules’ shell sensitivity to pH. Mechanical impact or 
the change of local environment (i.e., pH) forces the capsules to release the corro-
sion inhibitors at the specifi ed sites. The defect on the coating opens a pathway for 
chloride ion permeation toward the metal substrate. As a result, the corrosion pro-
cesses start on the metal substrate. Hydroxyl ion (OH − ) creation during the cathodic 
reactions results in localized increases in pH at the metal surface’s cathodic sites. 
The increase of pH causes the inhibitor release from the capsules into the defect due 
to polyelectrolyte shell destruction, leading to its permeability enhancement. The 
released corrosion inhibitor heals the damage while hindering corrosion. The cap-
sule’s shell is not pH sensitive; the mechanical triggering of the coating leads to the 
capsule shell tearing and the release of corrosion inhibitors .  

24.3.1.2     Healing Agents Used in the Microcapsules 

   Capsules Filled with Water-Repelling Agents 

 Incorporation of  water-repelling agents   with long hydrophobic tails is one approach 
to passively heal the damaged part. Organofunctional silanes are potential candi-
dates for encapsulation as the water-repelling materials needed for incorporation 
into self-healing protective coatings. The coating-containing microcontainers fi lled 
with an alkoxysilane and its self-healing properties are studied [ 68 ]. 

 The mechanical triggering of the coating causes capsule damage leading to the 
release of encapsulated materials reaching the bare metal surface (uncovered). The 
reaction of water with alkoxysilanes forms a passive, hydrophobic fi lm upon the 
surface of the metal, resulting in corrosion protection at the damaged area on the 
metals’ surface.  

   Capsules Filled with Oil 

  Linseed oil   has been used as the most important oil-based healing agent because of 
its oxidation drying mechanism used in fi lm formation [ 69 – 74 ]. The drying process 
needs cobalt, calcium, lead, and zirconium as driers. Suryanarayana et al. [ 70 ] stud-
ied microcapsules, (urea–formaldehyde shell drying oil core, epoxy coated) and 
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self-healing properties. It was found that the microcapsules could successfully heal 
the damaged area. The ruptured microcapsules can release linseed oil which forms 
a protective fi lm over the crack. As the released oil is exposed to oxygen, a fi lm is 
formed through oxidative polymerization. The fi lm formation prevents moisture 
and oxygen contact with metal surface and thus prevents corrosion.  

   Corrosion Inhibitors 

 Reinforcing organic/inorganic corrosion  inhibitors   into the organic polymer coating 
matrix is another approach used to produce micro-/nanocapsules for the self-healing 
coatings. Koh et al. [ 75 ] investigated polyurethane (PU)-based microcapsules fi lled 
with isosorbide derivative and their self-healing performance. They synthesized the 
microcapsules by combining a prepolymer of DE−TDI along with 1,4-butanediol in 
interfacial polymerization. It was found that the microcapsules loaded with corro-
sion inhibitor at concentration range of 25–200 ppm resulted in promising corrosion 
resistance and low rusting degree (0−0.47 %) (Fig.  24.3 ).

   Studies performed by Kopec et al. [ 76 ] investigated the self-healing capabilities 
of epoxy water-based coatings reinforced by corrosion inhibitor-loaded nanocap-
sules including 2-methylbenzothiazole (BT) and 2-mercaptobenzothiazole (MBT). 
They showed that by embedding liquid core nanocapsules loaded with an organic 
corrosion inhibitor into the coating matrix showed the appropriate self-healing 

  Fig. 24.3    SEM images of ( a ) the scratched region of the control panel and ( b ) the self-healing 
anticorrosion coating after healing, ( d ) visual performance of the control panel, and ( e ) the coating 
containing nanocapsules fi lled with inhibitor (reprinted with permission from [ 75 ], copyright 
American Chemical Society)       
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properties. Raps et al. [ 77 ] studied the healing mechanism for the epoxy primer 
doped with polyurea microcapsules. The active corrosion protection was seen for 
this system by releasing the inhibitor solution and formation of a passive fi lm inside 
micro-cracks on the coating surface.    

24.3.2     Layer-by-Layer (LbL) Assembled Nanocontainers 

  Corrosion inhibitors can be also encapsulated through the  layer-by-layer method  . In 
this method, the liquid active agent is encapsulated into the layer of oppositely 
charged polyelectrolyte layers. The nanocontainers produced by this method have 
excellent compatibility with the organic coating and provide good barrier properties 
for corrosion protection [ 78 ]. Metal oxide surface adsorption of oppositely charged 
species (i.e., polyelectrolytes) results in preparation of nanocontainers with the smart 
capability of releasing corrosion inhibitors on demand. Sonawane et al. [ 79 ] studied 
the self-healing properties of ZnO particles when benzotriazole was assembled on 
the surface by the LbL method (Fig.  24.4 ). They performed an in situ emulsion 
polymerization at fi rst to assemble the polyaniline (PANI) layer on the ZnO surface. 
Benzotriazole (anticorrosion agent) was then adsorbed on the PANI-coated particles. 
So as to enhance the nanocontainers’ compatibility in polymeric resin, PANI-ZnO 
nanoparticles were coated with a polyelectrolyte layer (polyacrylic acid). The nano-
containers produced showed good self-healing behavior at the materialized pH.

   LBL halloysite nanocontainers were introduced for their long-term release behav-
ior and reliable healing properties. In a work done by Shchukin et al. [ 78 ], the inhibi-
tor was encapsulated by the inorganic halloysite (diameter of 25 nm). Halloysite 
tubules are inserted via the layer-by-layer (LbL) method due to the strong surface 
charge on the surface. The halloysite tubes have a layer of positive charge on the 
outside and negative charge at the inside surface (at pH 8). Therefore, the inhibitor 
can be released to a corrosive environment on demand. Shchukin et al. [ 78 ] loaded 
inner voids of halloysite nanotubes with inhibitor. In addition, they modifi ed via 
layer-by-layer polyelectrolyte by means of the hybrid sol–gel methodology of the 

  Fig. 24.4    Schematic illustration of the procedure for benzotriazole loading on ZnO nanoparticu-
late containers (reprinted with permission from [ 79 ], copyright Elsevier)       
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outer surface. The synthesis procedure of halloysite/polyelectrolyte nanocontainers 
loaded with 2-mercaptobenzothiazole was studied. Bhanvase et al. [ 80 ] investigated 
the corrosion inhibition of cerium zinc molybdate nanocontainers produced through 
the LbL procedure. They estimated the imidazole corrosion inhibitor’s release rate 
from the CZM nanocontainer at different pHs. Also, they attempted to fi nd kinetic 
models for the release of corrosion inhibitor from the LbL nanocontainers. They 
showed that alkyd resin coatings containing this kind of nanocontainer exhibited 
good corrosion protection properties on a surface of mild steel (MS).   

24.3.3     Layered or Porous Inorganic Materials 

 Layered or porous inorganic materials could serve as an organic or inorganic corro-
sion inhibitor holding cell or reservoir. Bentonite/montmorillonite, zeolites, layered 
double hydroxides (LDHs), halloysite, and porous nanoparticles are the most widely 
used containers. Modifi cation of the reservoirs with  corrosion inhibitors   and subse-
quent on-demand release action of the corrosion inhibitors occurs mainly through 
an ion-exchange mechanism; however, physical entrapment in and release from the 
pores and lumen can also be important as illustrated in the example of halloysite, 
porous nanoparticles. and hollow spheres. The corrosion inhibitor’s doping and 
release profi le is dependent on the intrinsic ion-exchange capacity [i.e., cation- 
exchange capacity (CEC), anion-exchange capacity(AEC)] of the container, which 
itself depends on the positive or negative charge density in the inorganic scaffold, as 
well as the space available between the layers or in the pores. However in some 
cases, desorption of the adsorbed corrosion inhibitors and partial dissolution of 
inorganic structure could also play a role on inhibitor release and subsequent corro-
sion inhibition. In case of a partial dissolution of inorganic scaffold, the dissolved 
species may show synergistic corrosion inhibition with the corrosion inhibitors 
released from the container. In addition, it should be noted that not only the extent 
of release but also the release rate is important for corrosion inhibition. A retarded 
release of corrosion inhibitors may not provide suffi cient concentration of material 
to the damaged area which may not lead to self-healing activity. In contrast, too fast 
of a release would lead to a rapid depletion of the container/coating from the corro-
sion inhibitor, thus causing an acceleration in corrosion after the initial protective 
stage. That is why, for different inhibitors and containers, a controlled release is 
preferred to provide suffi cient protection over a reasonable period of time. 

 Controlled release of  corrosion inhibitors   by inorganic containers is frequently 
reported in some literature. However, surface modifi cation of these inorganic con-
tainers with pH-sensitive polyelectrolytes or polymers could also be used to improve 
controlled release [ 81 ]. Application of modifi ed hydrophilic inorganic containers 
with corrosion inhibitors in the polymer coatings may need surface modifi cation to 
impart compatibility to the hydrophobic organic matrix. Therefore, the inorganic 
containers are sometimes double-modifi ed: the fi rst modifi cation to impart active 
corrosion inhibition and the second modifi cation to enhance controlled release of 
inhibitors or compatibility with the organic coating. 
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 Besides inorganic materials, organic materials such as ion-exchange resins and 
organic traps could also be used to reserve the corrosion inhibitors, releasing only 
during corrosive attacks. Here, a brief review of each substance application as an 
on-demand release agent for corrosion protective coatings and, more specifi cally, 
for self-healing protective coatings is provided. 

24.3.3.1    Bentonite and Montmorillonite 

  A permanent negative charge exists in the aluminosilicate layers of montmorillonite 
(MMT) and bentonite owing to the Al 3+  for Si 4+   isomorphous   substitution in the 
tetrahedral layer and Mg 2+  for Al 3+  in the octahedral layer [ 82 ]. The composition of 
these minerals is (Na,Ca) 0.33 (Al,Mg) 2 (Si 4 O 10 )(OH) 2 ·nH 2 O [ 83 ]. The interlayer space 
of the mineral scaffold holding the sodium and calcium cations could be exchanged 
with organic or inorganic corrosion inhibitive cations for smart release protective 
coating application. 

 The cation-exchanged Na-bentonite pigments with Zn +2  and group II cations 
(i.e., Mg +2 , Ca +2 , Ba +2 , and Sr +2 ) were prepared to evaluate the smart release corro-
sion inhibition in galvanized steel coated with polyvinyl butyral [ 84 ]. It was showed 
that group II cation-exchanged bentonites moderately inhibited the cathodic dis-
bonding when compared to the unpigmented coating. In contrast, the Zn 2+  cation- 
exchanged bentonite pigment showed a more effective inhibition [ 84 ]. 

 The Ce +3 -exchanged MMT was studied for its Ce +3  release behavior in different 
electrolytes [ 85 ]. It was found that the release kinetic was fast and considerable 
release of doped cerium ions occurred within 10 min of contact. Also it was reported 
that cerium release from interlayer space (doped cerium) started at an ionic strength 
for NaCl of approximately 0.25 M, and for ZnCl 2 , it was approximately 0.1 M [ 84 ].
Galvanized steel coated with silane (composed of Ce-MMT and Na-MMT) dis-
played a high frequency time constant caused by the silane fi lm being continuously 
doped, whereas the middle frequency time constant can be attributed to the zinc 
oxide layer developing for the Ce-MMT coating. This phenomenon was connected 
to the release of Ce +3  during the diffusion of electrolyte in the coating leading to the 
oxide layer reinforcement [ 85 ]. 

 Hang et al. [ 86 ] employed an organic corrosion inhibitor, indole-3 butyric acid 
(IBA), in order to synthesize IBA-MMT [ 87 ]. An acid solution was used to protonate 
IBA so as to facilitate the cation-exchange mechanism with the Na +  in the MMT 
interlayer space. It was shown that the release of IBA is favored for higher pH values. 
Therefore, a localized increase in pH at corrosion sites can facilitate the release of 
IBA. The decrease of impedance at the scratched area was observed in those epoxy 
coatings that contained IBA-MMT, indicating the self-healing effect of the coating. 

 Ghazi et al. [ 88 ] evaluated the corrosion inhibition of MMT doped with benz-
imidazole (BIA), MMT doped with Zn 2+ , and their mixture in an epoxy ester coat-
ing. Surface analysis of the defect site of the coating during its early stages revealed 
that although both the Zn 2+  and BIA leached out the coating, only Zn 2+  tended to 
be adsorbed onto the mild steel surface, while BIA tended to leave. However, at 
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prolonged immersion periods, accumulation of BIA and Zn 2+  cations in the 
scratched area was observed, meaning that the adsorbed zinc cations at the fi rst 
stage facilitated the adsorption of BIA. Using a mixture of BIA-MMT and Zn-MMT, 
synergistic corrosion inhibition and self-healing behavior at defect site were 
obtained .  

24.3.3.2    Zeolites 

   Zeolites   are typically notated by the formula of M n+  x/n [(AlO 2 ) x (SiO 2 ) 2-x ] x− ·mH 2 O, 
where M n+  represents the cation in the supercage and the sodalite cage is typically 
Na + , K + , or Ca 2+  [ 89 ]. There is a constant negative structural charge on the frame-
work due to the isomorphous substitution of SiO 4  group by the AlO 4  group [ 90 ]. The 
M n+  cations in the zeolites can be exchanged with corrosion inhibitive cations to 
provide the controlled release of inhibitor during corrosion. 

 Ahmed et al. [ 87 ] compared the corrosion protection performance of alkyd paints 
pigmented by Na-zeolites exchanged by Zn 2+ , Ca 2+ , and Mg 2+  cations. The results 
showed that the Zn-zeolites outperform others, while Mg-zeolites provided the least 
amount of protection among the cation-exchanged zeolites, yet it was still superior 
when compared to Na-zeolites. 

 Williams et al. [ 91 ] studied the cation-exchange properties of zeolite compared 
to bentonite. They found that a zeolite pigment’s exchange capacity in solution is 
three times greater than that of bentonite. However, in coating (polyvinyl butyral), 
they found that the Zn 2+  cation-exchanged bentonite outperformed the Zn 2+  cation- 
exchanged zeolite when the cathodic delamination area of the coatings was com-
pared. It was proposed that the inhibition effi ciency not only depended on the 
exchange medium’s CEC but also on the Zn 2+  cations’ release rate at the disbond-
ment front which was a more infl uential parameter. Exfoliation of the clay matrix in 
the aqueous media increased the ease of cation exchange compared to zeolite, where 
the zeolite particles’ microporous structure provided a convoluted cation exchange, 
slowing down the exchange process. 

 La +3  cation-exchange properties of zeolite have been compared to that of benton-
ite [ 92 ]. Similar to the previous work on Zn +2  cations, superior cation-exchange 
capacity for zeolite (10.90 mg of La +3 /g mineral) compared to bentonite (5.70 mg/g 
mineral) was observed. No signifi cant difference was reported for epoxy coatings 
containing La-zeolite and La-bentonite [ 93 ]. 

 Ferrer et al. [ 93 ] prepared a sol–gel coating containing a double-doped zeolite 
with cerium and diethyldithiocarbamate (DEDTC). It was also shown that cerium 
cation ion exchange improved the adsorption of the DEDTC anion. They found that 
the large hydrated cerium cations can only access the supercages and cannot undergo 
ion exchange with sodium in the small sodalite cages. Immediate and sustained 
corrosion protection for the aluminum alloy with this double-doped zeolite was 
attributed to combined effect [i.e., slow release of cerium cation, fast release of 
diethyldithiocarbamate (DEDTC)].   
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24.3.3.3    LDHs 

   The general formula  of    LDHs   is [M 2+  1−x M 3+  x (OH) 2 ] x+  A n−  x/n ·mH 2 O, where M 2+  
 represents a divalent metal cation, M 3+  a trivalent metal cation, and A n−  an interlayer 
anion, respectively [ 94 ]. There is a constant structural positive charge on the basal 
surface of LDHs from the isomorphous substitution of a divalent cation via a triva-
lent cation. Therefore, LDHs undergo anion-exchange reaction in contrast to the 
bentonite/montmorillonite and zeolites. As such, they are defi ned as anionic clays. 

 Various anions have been studied for corrosion inhibition. Two methods have 
been introduced for the doping of anions in LDH interlayer space. First, the ion- 
exchange reaction of the target corrosion inhibitive anion with the anion is interca-
lated in the scaffold during synthesis. This is followed by the direct inclusion of the 
target anion in the LDH interlayer space. Although direct synthesis is easier as it 
deals with one-step synthesis, in some cases this may not be a good choice due to 
the undesirable changes in the LDH scaffold. 

 Zheludkevich et al. [ 95 ] used Zn-Al and Mg-Al LDHs ion exchanged with vana-
date anions for corrosion inhibition of an aluminum alloy. Considering the fact that 
the vanadate release was higher for vanadate-Mg-Al LDH than vanadate-Zn-Al 
LDH, vanadate-Zn-Al LDH revealed improved corrosion inhibition, which was 
attributed to the synergistic corrosion inhibition of Zn +2  cation released due to the 
partial dissolution and vanadate released due to the anion-exchange reaction. Doped 
Zn-Al and Mg-Al LDHs with quinaldate (QA) or 2-mercaptobenzothiazole (MBT) 
were prepared through the ion-exchange method [ 96 ]. Data gathered from the study 
indicated that MBT-loaded LDHs outperformed those loaded with QA. Similar to the 
previous fi ndings, better inhibition was observed with Zn-Al LDH than Mg-Al LDH. 

 Li et al. [ 97 ] directly synthesized tungstate-Mg-Al through the coprecipitation 
method. It was found that due to the release of tungstate anion from LDH, corrosion 
at defect site was inhibited, resulting in self-healing behavior. Another example of 
the direct synthesis of inhibitor LDH was studied by Hang et al., where Zn-Al and 
Mg-Al LDHs doped with 2-benzothiazolylthio-succinic acid (BTSA) were synthe-
sized for carbon steel’s corrosion inhibition [ 98 ,  99 ]. It was shown that BTSA 
release occurs due to the anion-exchange reaction and slow dissolution of both 
LDHs. This was akin to Zheludkevich et al.’s observations [ 98 ], although the higher 
release of BTSA was observed for the Mg-Al LDHs and higher corrosion inhibition 
was obtained with Zn-Al LDH   [ 98 ,  99 ].  

24.3.3.4    Halloysite 

  The general formula of a  halloysite   is Al 2 Si 2 O 4 (OH) 6  [ 100 ]. The chemical structure 
of halloysite is akin to that of kaolinite, but the diameter of its rolled tubes is 50 nm 
with a length of ca. 1000 nm [ 101 ]. Furthermore in respect to cationic and anionic 
species, it has displayed a greater adsorption capacity due to a negative outer SiO 2  
surface and positive inner Al 2 O 3  lumen surface [ 102 ,  103 ]. 
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 It was reported that doping a halloysite with  benzotriazole (BTA)   resulted in the 
slow release of BTA compared to its release from microcrystals. It was found that the 
release of BTA occurred in two stages, an initial burst within 10 min, followed by a 
prolonged release during 8–10 h [ 103 ]. It was shown that using only 0.01 % of the 
doped halloysite not only does not decrease the barrier effect of the ZrO x -SiO x  sol–
gel coating on aluminum but also imparts a self-healing effect to the coating [ 103 ]. 

 Although they do not need exfoliation in the coating matrix, a surface modifi ca-
tion to make the surface chemistry compatible with coating’s chemistry may be 
required [ 103 ]. In addition, halloysite’s release behavior is pH dependent. However, 
their pH sensitivity can be improved using a pH-sensitive polyelectrolyte shell 
[ 104 ]. It was shown that with a polyelectrolyte shell, the spontaneous release of 
BTA in neutral water decreased from 10 % to zero, while at a pH 10, BTA release 
was triggered [ 104 ]. But, it should be noted that the release of BTA caused irrevers-
ible distortion of polyelectrolyte shell, as 100 % reloading of the halloysite was 
shown not to be possible [ 105 ]. 

 Abdullayev et al. [ 106 ] employed some organic corrosion inhibitors [i.e., BTA, 
2-mercaptobenzimidazole (MBI) and 2-mercaptobenzothiazole (MBT)] as dopant 
for halloysite clay nanotubes to prepare self-healing composite coatings of acrylic 
and polyurethane for Cu. The release behavior of the doped halloysites showed that 
BTA and MBT release occurred in two stages (fast and slow), whereas the release 
of MBI was completed in a single stage. During the fi rst (fast) stage, release of BTA 
and MBT was attributed to the dissolution of adsorbed inhibitors of the halloysite 
tubes’ outer surface layer. The second (slow) stage was connected to the diffusion 
of the corrosion inhibitors from the tube lumen. MBI held the largest lumen loading 
value, while BTA had the lowest loading. For the coatings with artifi cial 5 mm 
scratches, MBT and MBI showed the highest self-healing effects. 

 As the lumen could be fi lled with various materials, fabrication of coatings with 
multiple active properties (e.g., self-healing and antistatic) was suggested by the 
simultaneous application of various halloysites fi lled with different active agents all 
while in a coating  [ 107 ].  

24.3.3.5    Porous Nanoparticles and Hollow Spheres 

  Absorption of the corrosion inhibitors by porous nanoparticles and hollow spheres 
is reported to be effective in providing prolonged release and therefore self-healing 
ability. 

 Zheludkevich et al. synthesized in situ the Ce +3 -doped zirconia nanoparticles in 
 a   hybrid sol–gel coating on an aluminum alloy [ 108 ]. The prolonged protection 
obtained for the Ce +3 -doped zirconia nanoparticles was due to the cerium ion’s 
retarded release profi le. Similar self-healing ability was reported for in situ synthe-
sis of the Ce 3+ -doped bohemite nanoparticles in a hybrid sol–gel coating on an Al 
alloy [ 109 ]. Skorb et al. prepared mesoporous silica nanoparticles, then doped the 
nanocontainer with 2-(benzothiazol-2-ylsulfanyl)-succinic acid, and, in order to 
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stop the spontaneous corrosion inhibitor release, fabricated an LbL polyelectrolyte 
shell [ 110 ]. The ZrO x -SiO x  sol–gel coating containing the doped nanocontainers 
revealed a great level of self-healing protection from corrosion over an extended 
period of time [ 110 ]. Saremi et al. [ 111 ] used mesoporous silica nanoparticles doped 
with molybdate anions in a polypyrrole coating. They showed that molybdate 
release increases at higher pH values due to the more negative zeta potential and 
consequently larger electrostatic repulsion forces on molybdate anion. 

 Montemor et al. [ 112 ] used cerium molybdate hollow spheres doped with MBT 
(MBT-CeMo) and MBT doped LDH (MBT-LDH) in epoxy primer for self-healing 
activity for galvanized steel. It was shown that the delayed action of MBT-CeMo 
containers displayed effective corrosion inhibition when compared to the MBT- 
LDH ones. They suggested an interesting approach to prepare self-healing coating 
utilizing different kinetics of inhibition (i.e., the use of mixture of MBT-CeMo and 
MBT-LDH). It was shown that a mixture of MBT-CeMo and MBT-LDH, as 
expected, provided synergistic self-healing behavior by corrosion inhibition at both 
the early stages and prolonged exposure time [ 112 ]. 

 Li et al. [ 113 ] synthesized silica/polymethylmetacryalte (PMMA) double-walled 
nanotubes for application in stimuli-responsive nanocontainers in self-healing coat-
ings. It is showed that nanocontainers doped with BTA provide self-healing behav-
ior in a hybrid sol–gel coating based on ZrO x -SiO x  .  

24.3.3.6    Other Containers 

 Besides the previously mentioned reservoirs for corrosion inhibitors, organic ion- 
exchanged pigments and organic encapsulations have been introduced for the on- 
demand release of corrosion inhibitors. 

 Application of a  cation-exchange resin   loaded with the desired corrosion inhibi-
tive cations was fi rst proposed for inhibiting scale formation and corrosion well pen-
etrating into a subterranean formation [ 114 ]. It was shown that by using cation- exchange 
resins, the corrosion inhibitor was released slowly at an effective concentration into 
the fl uids produced by the well, inhibiting scale formation and corrosion. However, 
the application of pigments based on cation-exchange resins as smart release pig-
ments was reported by Williams et al. [ 91 ]. They suggested novel Ca 2+  and Zn 2+ -
exchanged pigments built upon a cross-linked sulfonated polystyrene (CSP) base 
which could be applied in the reduction of cathodic disbondment on galvanized steel. 
It was shown that CSP has a higher CEC than zeolite and bentonite [ 91 ]. 

 Physical organic traps can encapsulate the corrosion inhibitors in order to 
decrease the release rate.  Cyclodextrins   could be considered as a truncated cone- 
shaped structure with a hydrophilic exo-surface and a hydrophobic interior [ 115 ]. 
Physical entrapment of the organic corrosion inhibitors (e.g., MBT, MBI, mercap-
tobenzimidazole sulfonate (MBISA), and thiosalicylic acid (TSA) by β-cyclodextrin) 
was reported to be effective in decreasing the release rate, providing prolonged pro-
tection at the defect sites  in   sol–gel-derived hybrid coatings [ 115 ,  116 ].    
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24.4     Conclusion 

 This chapter has provided a review on the self-healing polymer coatings from a 
mechanism, processing, and application viewpoint. The two main functions of the 
coatings, mechanical integrity and corrosion protection, were considered. It was 
revealed that embedded capsulated healing agents in the coating matrix and molecular- 
scale modifi cation of coating structure with covalent and non-covalent reversible 
cross-links were the most effective approaches in healing mechanical damage, thus 
restoring the coating integrity. Encapsulation and trapping active corrosion inhibitors 
using micro-/nanoreservoirs (i.e., LbLs, LDHs, porous nanoparticles, hollow spheres, 
zeolites, bentonite, and montmorillonite) were introduced as effective strategies in 
obtaining the on-demand release corrosion inhibitive coatings. 

 Most of the approaches mentioned in this chapter used to achieve polymeric 
coating systems, self-repairing in nature, that are in the preliminary developmental 
stage and have not been widely commercialized. This is mainly because of compli-
cated processing procedures, limited time and dimensional ranges for their healing 
ability, and the undesirable consequences of the healing agents on the coating’s 
additional properties. Therefore, current and future trends in the fi eld of self-healing 
coatings are focused on optimizing the procedures so as to resolve the problems.     
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    Chapter 25   
 Optical Sensor Coating Development 
for Industrial Applications                     

       Larissa     Brentano     Capeletti      and     João     Henrique     Zimnoch     dos     Santos    

    Abstract     Optical sensors are important for in situ and ex situ monitoring in indus-
trial processes and environmental control. The development of these tools involves 
the immobilization of a sensitive element within a matrix. Therefore, the sol-gel 
process represents a powerful strategy for developing and improving optical 
 sensors, especially those for coating applications. This approach allows the use of 
several strategies in terms of different synthetic routes and the production of 
hybrid matrices, which can help to produce highly specifi c sensors and solve prob-
lems such as receptor element leaching. Controlling the textural characteristics 
allows for tuning of the matrix permeability of analytes to the receptor element 
without leaching from the network or affecting the receptor identity or functional-
ity. The introduction of organic moieties appears to be a good alternative for 
 providing systems with differentiated characteristics (i.e., performance). Here, 
recent results describing sol-gel hybrid optical coating sensors are reviewed to 
demonstrate their state-of- the-art industrial applications for gases, pH, solvents, 
and ionic species monitoring.  

  Keywords     Optical sensors   •   Sol-gel   •   Silica   •   Industrial application  

25.1       Introduction 

 Sol-gel technology is a powerful tool for optical sensor development due to its ver-
satility and simplicity, which can result in materials with singular characteristics. 
This approach has been widely used for environmental, clinical, and industrial 
applications due to low cost, good sensibility, fast response, and amenability to 
reuse, miniaturization, and remote monitoring of the resulting materials. Optical 
sensors are commonly prepared by the incorporation of different chemical and bio-
chemical compounds as receptor elements in porous thin fi lms. Using the sol-gel 
method, these materials can be prepared at room temperature, resulting in a device 

        L.  B.   Capeletti      •    J.  H.  Z.   dos   Santos      (*) 
  Instituto de Química, UFRGS ,   Av. Bento Gonçalves ,  9500   Porto Alegre ,  Brazil   
 e-mail: capeletti@gmail.com; jhzds@iq.ufrgs.br  

mailto:jhzds@iq.ufrgs.br
mailto:capeletti@gmail.com


538

with mechanical and thermal stability associated with good optical properties [ 1 ]. 
This chapter aims to provide an overview of the potential strategies for producing 
these functional materials for industrial application. 

25.1.1     Basic Concepts for Sensors 

 According to IUPAC, a chemical sensor is a dispositive that transforms chemical 
information into a measurable analytical signal, depending on a sample-specifi c 
component concentration that is related to the total composition [ 2 ]. This  chemical 
information   can originate from a chemical reaction or from a physical property of the 
investigated system [ 2 ]. More generally, sensors can be divided into two broad 
 classes   as follows: physical sensors that can measure distances, mass, radiation, tem-
perature, or pressure and chemical sensors that can detect and quantify substances 
using a chemical receptor element (i.e., a chemoreceptor). The latter class includes 
the subclass of biological sensors, which can identify substances using a biological 
receptor element (i.e., bioreceptor). Chemical (and biological) sensors selectively 
respond to a specifi c compound (analyte) through a chemical reaction at the sensor-
sample interface. These sensors can be employed to qualitatively and preferentially 
detect and/or quantify analytes within the original (target) matrix [ 3 ,  4 ]. 

 Both chemical and biosensors need to contain a receptor element that can be con-
nected to a transducer, which will generate a signal that can be recorded. The receptor 
element is the key component of any sensor because it is responsible for the selective 
reaction to a specifi c analyte or groups of analytes without interference from other 
substances. The transducers are the components that can transform the energy carry-
ing the chemical information about the sample in a measurable analytical signal. 
 Transducers   can be classifi ed as follows: (1) optical (absorbance, refl ectance, lumi-
nescence, fl uorescence, refraction index); (2) electrochemical (voltammetric, poten-
tiometric); and (3) electric (metallic oxides semiconductors, organic semiconductors, 
electrolytic conductivity). Also, transducers can be (4) mass sensitive (piezoelectric, 
surface acoustic waves); (5) magnetic (paramagnetic properties change); (6) thermo-
metric (heat absorption or release due to the chemical reaction); and (7) another 
physical properties (e.g., radiation) [ 2 ]. The key  components   of a sensor are shown in 
Fig.  25.1 .

  Fig. 25.1    Key components of a sensor       

 

L.B. Capeletti and J.H.Z. dos Santos



539

   To produce a sensor, the receptor element should be able to selectively respond 
to the analyte and exhibit advantageous characteristics such as robustness, repro-
ducibility, and chemical and physical stability. One strategy to achieve these charac-
teristics involves a combination of the specifi city of a chemical reaction with the 
rigidity of a solid matrix. This kind of device can be manufactured by the incorpora-
tion of reagents (receptor elements) in a suitable organic or inorganic matrix, which 
will not affect the reactions. In general, the design of a new sensor should consist of 
the following  performance features  :

 –    Selectivity: ability to differentiate between different substances  
 –   Detection limit: the minimum amount of analyte needed to activate the detection 

sensor system  
 –   Accuracy: how closely the measurement matches the actual quantity being 

measured  
 –   Suitability under measurement conditions: how the sensor tolerates the measure-

ment environment (pH, temperature, and ionic strength should be considered)  
 –   Response time: time the sensor takes to exhibit a response after contact with the 

analyte  
 –   Recovery time: time the sensor needs to be ready for another measurement  
 –   Lifetime: time the sensor can stay active, which depends on its stability in the 

measurement environment    

 The most common applications for chemical sensors are in health-care settings 
(clinical analysis of blood, gases, metabolites in urine), industrial processes (pH 
monitoring, measuring the presence and concentration of gases such as CO, CO 2 , 
NH 3 , O 2 ), and environmental analysis (testing for soil elements and pesticides). 

 In this chapter, the focus will be on optical sensors due to their ease of use for 
technical applications because their response is evaluated primarily via visual 
perception.  

25.1.2     Optical Chemical Sensors 

 Optical sensors are based on light measurements [ 5 ] (i.e., they employ electromag-
netic radiation to produce an analytical signal from a receptor element) [ 6 ]. As 
previously mentioned, this type of sensor can work according to different  principles   
as follows: absorbance, refl ectance, luminescence, and fl uorescence covering differ-
ent regions of the electromagnetic spectrum, such as the ultraviolet, visible, infra-
red, and near-infrared regions. This behavior enables measurements based on not 
only light intensity but also other related properties, such as refraction index, scat-
tering, diffraction, and polarization [ 6 ]. 

 An  effective strategy   for preparing these sensors involves the immobilization of 
a colored reagent, such as a dye, that will change color when it comes in contact 
with an analyte. Ideally, this change should be proportional to the analyte concentra-
tion [ 4 ]. These sensors have some  advantages  : no reference electrode is necessary 
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(as compared to electrochemical sensors), the calibration is stable, and multiple 
receptor elements can be employed to detect multiple analytes. The  disadvantages   
include: miniaturization is diffi cult, there may be problems associated with long- 
term stability due to incident light, and slow response times due to the necessary 
time for the mass transfer of the analyte to the reagent phase [ 3 ]. The development 
of a new device is focused on even more sensitive and selective systems for in situ 
analysis, automation, and miniaturization [ 7 ]. The use of sol-gel technology, which 
is based on receptor element immobilization within a solid matrix, is an interesting 
approach for achieving these goals. This approach is very interesting for the devel-
opment of a new device because it is very fl exible and works under mild synthesis 
reaction conditions. In addition, the matrix properties such as optical transparence 
and mechanical and chemical stability are very interesting for this type of applica-
tion. Furthermore, the process fl exibility enables the deposition of the synthesized 
material in several formats, such as coating deposition to provide special properties 
to a surface.  

25.1.3     Sol-Gel Process 

 The sol-gel method is a  process   that involves a synthetic route in which a transition 
from a sol system to a gel system occurs (e.g., the growing and aggregation of col-
loidal particles result in a gel). The process typically involves the use of metal alk-
oxides, which undergo hydrolysis and condensation polymerization reactions to 
yield these gels. The term  sol  is employed to defi ne a stable suspension of colloidal 
particles in a fl uid (dimensions between 1 and 1000 nm), and a  gel  is defi ned as a 
system formed by the rigid structure of colloidal particles (colloidal gel) or poly-
meric chains (polymeric gel). In addition, this process is simple, is relatively inex-
pensive, and proceeds at a low temperature [ 8 ]. Inorganic and organic interconnected 
networks that produce so-called hybrid materials that may combine the rigidity of 
the inorganic counterpart with the functionality of the organic one can be prepared 
[ 9 ]. This method is very versatile, and various parameters, such as precursor type, 
water/alkoxide ratio, catalyst type, solvent type, temperature, pH, and composition 
of the precursor mixture, will affect the characteristics of the fi nal material [ 10 ].   

25.2     Optical Sensors Prepared Using the Sol-Gel Method 

 The production of optical sensors using the sol-gel method is typically based on the 
encapsulation of the receptor elements within a silica matrix, and the receptor 
changes color when in contact with the analyte. Recent studies have reported many 
different optical sensors involving different silica matrices. Table  25.1  depicts some 
recently developed sensors.
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   The  diversity   of sensors and the different analytes that can be detected are shown 
in Table  25.1 . These sensors allow for pH, gas, or trace analysis measurements. The 
developed matrices also differ in terms of their compositions, which include bare sil-
ica, chemically modifi ed silica (hybrid silica), and composites (silica and organic 
reticulated polymers). The majority of the receptor elements listed in Table  25.1  are 
pH indicators. In the context of optical sensors, the possibility of incorporating a mol-
ecule capable of changing color based on pH is very appealing. In particular, for the 
solid (encapsulated) sensor, this strategy is successful due to the two important prop-
erties of sol-gel materials (i.e., optical transparence and ion and gas permeability) [ 4 ]. 

25.2.1     Strategies for  Compound Incorporation   

  As previously mentioned, the sol-gel process is an important tool for preparing solid 
sensors through the immobilization/encapsulation of receptor elements. To produce 
a sensitive material, the indicator must be robust in the synthesis conditions (i.e., 
primarily to the pH employed in the sol-gel synthesis; most of the reactions are 
conducted under mild temperature conditions). In addition, its interaction with the 
matrix must be suffi ciently strong to avoid receptor element leaching but suffi -
ciently weak to allow it to react with the target analyte. The use of organosilanes, 

     Table 25.1    Examples of sensors prepared by immobilization or encapsulation of a receptor 
element in silica matrices prepared using the sol-gel method.   

 Matrix  Receptor element  Analyte  Reference 

 Silica nanoparticles with 
aminopropyl and urease 

 ETH 5294 dye  Urea  [ 11 ] 

 Mesoporous silica obtained 
with Gemini 2-12-2 

 Bromothymol blue  H +   [ 12 ] 

 Hybrid silica with methyl, 
phenyl, and octyl groups 

 36 different indicators  NH 3  and SO 2   [ 13 ] 

 Silica obtained by acid and 
basic routes 

 1,5-Diphenylcarbazone  Zinc traces  [ 14 ] 

 Core/shell silica obtained by 
Stöber method 

 Texas red and fl uorescein 
isocyanate 

 Intracellular H +   [ 15 ] 

 Silica in carbon paste electrode  Horseradish peroxidase  2-Aminophenol  [ 16 ] 
 Silica containing an organic 
group functionalized with Ru 2+  

 Ru 2+   Oxygen  [ 17 ] 

 Sol-gel silica and polyvinylic 
alcohol hydrogel 

 Prussian blue  Glucose  [ 18 ] 

 Ionic liquid modifi ed silica  1-Propyl-3- 
methylimidazolium ionic 
liquid 

 NADH, dopamine 
and uric acid 

 [ 19 ] 

 Hybrid silica with a 
polyelectrolyte with Eu 3+  

 Eu 3+   Tetracycline  [ 20 ] 
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which are commercially available or relatively easily synthesized, may help to tune 
the textural and structural characteristics that can affect sensor performance. 

 The matrices manufactured using this approach are classifi ed as hybrid materi-
als. The hybrid material terminology is broad and may be employed to describe 
several different kinds of materials. Of such materials highly ordered crystalline 
coordination polymers, amorphous compounds prepared using the sol-gel method, 
and materials with or without chemical interactions between the organic and inor-
ganic units can be mentioned [ 21 ]. Kichelbick defi nes a hybrid material as one that 
includes two materials mixed at a molecular level [ 22 ]. In general, one compound is 
an inorganic one, and the other compound is an organic one. 

 The different methods for the immobilization of these compounds include 
impregnation, covalent bonding, and chemical doping [ 23 ,  24 ]. In this context, 
impregnation refers to the physical or chemical adsorption of the compound in a 
previously prepared material. Chemical doping involves incorporation of the com-
pound into the matrix during the sol-gel reaction by entrapment or encapsulation. 
The covalent bonding of the dye to the matrix is considered to be a more effi cient 
method of immobilization because there is no signifi cant leaching of the immobi-
lized compound [ 23 ]. The chemical doping approach has received much interest 
due to the simplicity of the preparation [ 24 ]. Covalent grafting requires the presence 
of very specifi c functional groups in the compounds, and there are therefore fewer 
reports of this type of incorporation .  

25.2.2     Sol-Gel Process Parameters 

 To optimize the process for this type of material, their performance in terms of the 
response time, sensitivity, stability durability, and suitable selected detection range 
should be addressed. Various strategies are employed, involving different synthetic 
routes, pH values, precursors, temperatures, solvent amount, and aging times, to 
prepare the best system for the desired application. 

 One key factor in the development of an encapsulated  sensor   is leaching resis-
tance. For continuous monitoring, fi ne-tuning of the material is essential to avoid 
leaching of the sensitive element [ 4 ]. It is diffi cult to establish a standard protocol to 
address this problem because the sol-gel process is quite fl exible and sensitive to the 
reaction conditions. Due to the numerous variables involved, reproducibility control 
may be a serious drawback of such routes. A compromise between low leaching and 
encapsulated molecule activity maintenance is required to allow the analyte to reach 
the receptor element without leaching [ 4 ]. Several  characteristics  , such as surface 
area (including pore volume and pore diameter) and the presence of organic groups 
in the matrix network, can affect this relationship, as shown in Fig.  25.2 . If the 
immobilized compound is interacting too strongly with the silica network, the com-
pound cannot react with the analyte (Fig.  25.2a ). However, if the added organic 
groups hinder analyte permeation, the detection will also be hindered (Fig.  25.2b ). 
The  characteristics   that affect the active site availability and analyte permeation can 
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be controlled by some synthesis parameters (i.e., time of the receptor element addi-
tion in the sol-gel process, alkoxide precursors, alkoxide/water ratio, and catalyst 
amount and type).

   Some studies have evaluated the effect of the synthetic route on the performance 
of sensors prepared using pH indicators encapsulated in silica [ 25 ,  26 ]. For  example, 
different  pH indicators   with different color-change ranges prepared using different 
sol-gel routes, including an acid-catalyzed hydrolytic route, a basic catalyzed 
hydrolytic route, and a non-hydrolytic route, were analyzed. Figure  25.3  shows the 
behavior of the sensors prepared in this study by the acid-catalyzed hydrolytic route 
in aqueous solutions with a pH ranging from 1 to 14. Furthermore, Fig.  25.3  shows 
the behavior of alizarin red, brilliant yellow, and acridine encapsulated in silica. The 
observed transitions occurred at higher pH values compared to those reported for 
the bare indicator for alizarin red and brilliant yellow. The acridine indicator loses 
its ability to change color with the pH after encapsulation, and only a decrease in the 
luminescence was observed at high pH values [ 25 ].

  Fig. 25.2    Representation of the compromise between low leaching and encapsulated molecule 
activity maintenance. ( a ) Immobilized compound is interacting too strongly with the silica net-
work. ( b ) Organic groups hinder analyte permeation       

  Fig. 25.3    Response of sensors prepared by encapsulation of ( a ) alizarin red, ( b ) brilliant yellow, 
and ( c ) acridine in aqueous solutions with a pH ranging from 1 to 14. Reprinted with permission 
from [ 25 ]       
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   The use of a set of  complementary techniques   and  performance evaluation   (i.e., 
response time and colorimetry) allowed the identifi cation of the acid route as the 
most suitable. Based on a detailed analysis of the data collected by 50 participants 
during the color-change process, shorter response times were observed for the mate-
rial prepared using this route. Figure  25.4  shows the sensor behavior before and 
after contact with ammonia gas for the materials prepared by the acid and non- 
hydrolytic route. These sensors were in powder form, but they can also be deposited 
as a fi lm on a surface. The results of the study also indicated that when the color 
change from one condition to another is more dramatic, the change can be detected 
more quickly. In addition, shorter response times may be due to higher encapsulated 
indicator content and higher surface areas.

   This study demonstrated the possibility of tuning of the  encapsulation   route to 
achieve a high-performance sensor material. In addition, as previously discussed, 
the introduction of organic groups may be useful for achieving improvements in the 
performance. The literature indicates that the use of organic groups covalently 
bonded to the inorganic network favors the compatibility of the encapsulated organic 
molecules. Kowada et al. reported that the leaching problem in pH sensors decreased 
upon addition of methyl groups to the silica network [ 27 ]. 

 Based on this type of approach, another extensive study was performed to evalu-
ate the effects of a series of different functional groups on the performance of ammo-
nia gas colorimetric sensors [ 28 ]. Eleven different  organosilanes bearing    different 
organic substituent volume and types of functional groups were employed (Fig.  25.5 ) 
to produce hybrid silica matrices encapsulating alizarin red (pH indicator) as a recep-
tor element. Groups containing nitrogen atoms appeared to be ideal to increase the 
amount of the encapsulated receptor and shorten the response time. The surface area 
typically decreased when organosilanes were added. Therefore, higher surface areas 
for these hybrid materials were obtained with smaller groups, such as methyl and 
vinyl. In addition, when the difference in the color changes was more signifi cant, the 
change that improved the sensor performance was more easily identifi ed. This 
parameter primarily depends on the receptor element content in the matrix and on the 
shade or color of the sensor before and after contact with the analyte.

  Fig. 25.4    Sensor behavior before and after contact with ammonia gas. ( a ), ( b ), and ( c ) are the 
sensors prepared using the acid route with alizarin red, brilliant yellow, and acridine, respectively, 
as receptor elements, and ( d ), ( e ), and ( f ) are the sensors prepared using the non-hydrolytic route 
with the same receptor elements       
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   In general, the employed group volume infl uenced the response of material. This 
behavior was more pronounced for the cases where  hydrophobicity   was introduced 
to the material due to the voluminous aliphatic chains of the organic groups, which 
determined the sensor performance. Among the characteristics evaluated by a series 
of complementary techniques, the indicator content and surface area primarily 
affected the sensor response time. 

 In some situations, organosilane was the determinant for the success of a mate-
rial success, which was demonstrated for cases where the  indicator-matrix interac-
tion   was strong. When the interaction was stronger, the encapsulated indicator 
amount was higher. Nevertheless, strong interactions with the matrix may hinder the 
receptor reactivity to the analytes, preventing its ultimate performance (e.g., the 
aminopropyl group). This group exhibited the highest indicator-encapsulated con-
tent, but the interaction with the matrix was too strong and hindered the reaction 
with the analyte. Another important factor for sensor activity regulation was  textural 
modifi cation   of the silica matrix due to organosilane addition. This modifi cation can 
render a more exposed or more buried receptor within the silica matrix. In addition, 
if the organic groups introduced to the silica network were compatible with the 
medium, the access of analytes or external stimuli to the encapsulated receptor ele-
ment favors improved response time and sensor performance [ 28 ].  

25.2.3     Recent Advances 

 The sol-gel process can be designed to produce a variety of geometric confi gurations, 
such as monoliths, powders, thin fi lms, fi bers, arrays, or other structures, providing 
fl exibility to the sensor design [ 29 ,  30 ]. These confi gurations can also be easily 
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  Fig. 25.5    Different hybrid silica-based matrices employed to evaluate the potential for tuning the 
sensor performance as a function of the organic substituent groups [ 28 ]       
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miniaturized or attached to other materials [ 5 ], which can result in a series of different 
materials and confi gurations that can be adapted depending on the device use and 
application. Table  25.2  illustrates some recent developments in sol-gel fi lms employed 
as optical sensors for the detection of species that are of industrial interest.

   Meng et al. reported the synthesis of a novel  ORMOSIL   (organic modifi ed sili-
cate) sensing coating for the optical detection of formaldehyde using a natural dye 
extracted from roses. This dye is based on anthocyanins that were employed in the 
fl avylium form (absorbance at 506 nm) under acidic conditions and the hemiketal 
form (pale yellow) under basic conditions. The material was prepared from methyl-
triethoxysilane and polydimethylsiloxane and deposited as a coating, which pos-
sessed a surface morphology consisting of rill-like folds. The absorbance at 506 nm 
was determined to have a linear relationship with the formaldehyde concentration, 
which indicated the potential of this low-cost disposable coating for colorimetric 
test strip manufacturing [ 31 ]. 

 For the detection of gases such as  ammonia and nitrogen dioxide  , Tyszkiewicz 
and collaborators [ 32 ] employed several silica fi lms with thin porosity as sensitive 
coating with bromocresol purple and cresol red. This type of sensor is based on pH 
indicators, and the spectral shift is determined by indicator protonation (Fig.  25.6 ). 
The results indicated that only the bromocresol purple could identify both analytes 

   Table 25.2    Different optical sensors fabricated with sensitive coatings encapsulating different 
receptor elements using sol-gel technology   

 Matrix  Receptor element  Analyte  Reference 

 Silica with methyl groups and 
polydimethylsiloxane 

 Rose natural dye  Formaldehyde  [ 31 ] 

 Highly porous silica  Bromocresol purple and 
cresol red 

 NH 3  and NO 2  
gases 

 [ 32 ] 

 Silica prepared by hydrolytic 
acid route 

 Methylene blue  Humidity  [ 33 ] 

 Silica prepared by hydrolytic 
acid route 

 2,4,6-tri(2-pyridyl)-s- 
triazine 

 Fe (II)  [ 34 ] 

 Silica prepared at low 
temperature and microwave 
assisted 

 Fluorophore  Pb 2+   [ 35 ] 

 Porous silica prepared with 
triton X-100 

 Purple cabbage pigment  pH  [ 36 ] 

 Silica with methyl groups  Neutral red  pH  [ 37 ] 
 Silica with phenyl groups  Quantum dots, fuchsin, 

and Congo red 
 pH  [ 38 ] 

 Silica with methyl, ethyl, 
phenyl, or glycidoxypropyl 
groups 

 Bromocresol green  pH  [ 39 ] 

 Nanostructured silica fi lm  Phenol red  pH  [ 40 ] 
 Silica with octyl groups  Platinum tetrakis 

pentafl uorophenyl 
porphine 

 Temperature and 
oxygen 

 [ 41 ,  42 ] 

 Silica with phenyl groups  Phthalocyanines and 
porphyrins 

 Volatile organic 
compounds 

 [ 43 ] 
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(i.e., NH 3  and NO 2 ), and cresol red was sensitive to only NO 2 . In addition, the absor-
bance bands generated by the two analytes were suffi ciently separated to permit 
detection by two diodes operating at different wavelengths [ 32 ].

   The detection of  ions   is also important for a series of industrial processes. For 
example, the detection of iron in water was investigated using a sol-gel coating 
prepared with 2,4,6-tri(2-pyridyl)-s-triazine as the sensing element. This sensor 
changed color from transparent to blue (Fig.  25.7 ) and exhibited excellent perfor-
mance. This sensor was able to detect zinc ions in the range of 5–115 ng mL −1  with 
a lower detection limit of 1.68 ng mL −1  [ 34 ]. In another study, the selective detection 
of lead by a new  fl uorophore   demonstrated the possibility of its use in optical fi ber 
sensing applications [ 35 ].

  Fig. 25.6    Sensing mechanism leading to changes in the absorption of a pH indicator-based sensi-
tive fi lm. Reprinted with permission from [ 32 ]       

  Fig. 25.7    Color changes of a glass slide before ( a ) and after reaction with Fe (II) ( b ). Reprinted 
with permission from [ 14 ]       
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   As previously mentioned, an important area of application for sol-gel based 
 sensors prepared by receptor element encapsulation is pH monitoring. This type of 
sensing is very important for industrial applications, and the use of smart sensor 
coatings can facilitate and accelerate the measurements. Chen et al. [ 36 ] described 
the use of a natural dye extracted from purple cabbage for the preparation of a pH- 
sensitive fi lm. The device exhibited a 1–2 min response time in a pH range of 2–11 
with linear calibration. The refraction index and thickness did not change even 
though the extinction coeffi cient changed regularly with pH [ 36 ]. However, the 
organic  pH indicators   are the most employed compounds for receptor elements. 
Neutral red, fucshine, Congo red, bromocresol green, and phenol red have all 
recently been reported as used for this purpose [ 37 – 40 ]. The latter was incorporated 
into a nanostructured fi lm of silica (mesoporous material) obtained using cetyltri-
methylammonium and exhibited a fast response time (less than 1 s). The pH range 
of detection was 5–12, and the sensor could be reused up to 15–18 times [ 40 ]. For 
the sensor developed with bromocresol green as the sensitive element, different 
organic modifi cations in the silica network via the addition of methyltriethoxysi-
lane, ethyltriethoxysilane, phenyltrimethoxysilane, or glycidoxypropyltrime-
thoxysilane were also investigated. The device was designed to be integrated with a 
mobile wireless smart tag sensing system. The modifi cations with the different 
organosilanes changed the pK app  values of the immobilized bromocresol green pH 
indicator as well as the wettability of the fi lms, which had a signifi cant effect on the 
pH response time of these sensing fi lms. The glycidoxy groups were the most suit-
able, and the results indicated that with careful design and rational selection of the 
sol-gel matrix materials and their composition, it is possible to tailor sol-gels with 
very specifi c and tunable surfaces and pH-sensing properties [ 39 ]. 

 Another interesting approach involves a  double layer fi lm   in which the fi rst layer 
has two incorporated quantum dots (emission peaks at 525 and 605 nm) and the 
second has two different immobilized pH indicators. Using these two pH indicators 
with different pKa values, a sensor with a reproducible linear pH range from 4 to 10 
was designed. The changes were observed by a ratiometric fl uorescence emission as 
a function of pH. In addition, high durability was reported under continuous light 
exposure under severe acidic conditions and storage stability over a period of 6 
months. This device demonstrates the ability to overcome the stability issues of 
common fl uorescent optodes while maintaining the advantages of ratiometric fl uo-
rescent signal processing [ 38 ]. 

  Volatile organic compounds (VOCs)   can also be determined by sol-gel-based 
sensors. Mensing et al. [ 43 ] reported an inkjet-printed coating for the detection 
 VOCs  . The coatings were based on hybrid silica fi lms embedded with different 
metal porphyrins and phtalocyanines (i.e., magnesium/manganese(III) chloride/zinc 
5,10,15,20-tetraphenyl-21H,23H-porphyrin, magnesium 2,3,7,8,12,13,17,18-octa-
ethyl-21H,23H-porphine, and zinc 2,9,16,23-tetratertbutyl-29H,31H-phthalocyanine). 
The different printed sensing layers could also be used to discriminate the VOCs. 
In addition, these materials undergo selective spectral changes upon exposure to 
oxidizing and reducing gases [ 43 ]. 
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 Another interesting approach for  smart coatings   is the capacity for analyte mul-
tidetection (i.e., sensors with the ability to detect more than one type of stimulus). 
For example, Chu et al. [ 41 ,  42 ] reported the development and optimization of a 
sensor for oxygen and temperature using the same dispositive. The sol-gel fi lm was 
based on the encapsulation of an oxygen-sensing dye (i.e., platinum tetrakis penta-
fl uorophenyl porphine in combination with 7-amino-4-trifl uoromethyl coumarin 
[ 42 ] or 5(6)-carboxyfl uorescein) [ 41 ]. This device can be employed as a portable 
optical dual sensor that is a cost-effective alternative to traditional electrochemical- 
based temperature and oxygen sensors. 

 Patent literature for chemical optical sensors includes  reports   on the use of sol- gel 
technology, as shown in Table  25.3 . Macvoy et al. [ 44 ] described a sensor prepared 
by doping a sol-gel layer with a luminophore and pH indicator to detect gases such 
as O 2  and CO 2 . The use of [Ru II -tris (4,7-diphenyl-1,10-phenanthroline)]Cl 2  and pH 
indicators such as hydroxypyrene trisulfonate, fl uorescein, and rhodamine B has 
been reported. In addition, the described sol-gel coatings can be applied to different 
substrates, such as polymeric materials, metals, fl exible substrate materials including 
acetate and fl exible polymers, paper, optical fi ber, or glass/plastic caps [ 44 ].

   Korent and Lobnik [ 45 ] developed an optical sensor based on a hybrid silica 
membrane prepared with a methyl group as the organic group and deposited on 
glass.  Coumarin 1   was employed as the receptor element embedded in the matrix 
and exhibits a fl uorescence intensity response proportional to the analyte concentra-
tion. The device can be employed to detect organophosphates that are widely used 
as pesticides, such as phosphamidon, dicrotophos, methamidophos, chlorpyrifos, 
diazinon, and malathion [ 45 ]. 

   Table 25.3    Examples of patents claiming different optical sensors based on sensitive coatings 
encapsulating different receptor elements using sol-gel technology   

 Matrix  Receptor element  Analyte  Reference 

 Silica with methyl, 
ethyl, phenyl, and/or 
octyl groups 

 [Ru II -tris(4,7-diphenyl- 
1,10-phenanthroline)]Cl 2  
and pH indicator 

 O 2  and CO 2   [ 44 ] 

 Silica membrane with 
methyl groups deposited 
on a glass 

 Coumarin 1  Organophosphates  [ 45 ] 

 Silica coating on an 
optic fi ber 

 pH  Bromophenol blue, cresol 
red, and chlorophenol red 

 [ 46 ] 

 Si and Zr oxide-based 
matrix 

 pH  Nile blue  [ 47 ] 

 Hybrid silica with 
groups like methyl, 
ethyl, phenyl, octyl, and 
vinyl embedded in a 
polymer 

 Amino, amide, oxygen- 
reducing compounds 
and/or vapors 

 Copper (I), sulfur, ascorbic 
acid, and citric acid 

 [ 48 ] 
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  pH monitoring   is also important in industrial applications. Dong and Cheng [ 46 ] 
reported a facile method for the preparation of an optical fi ber with a sol-gel coating 
with immobilized pH indicators, such as bromophenol blue, cresol red, and chloro-
phenol red. Dong and Cheng [ 46 ] describe the invention as simple and reliable for 
remote and real-time pH monitoring. In addition, this sensor is small, lightweight, 
and fl exible with anti-electromagnetic interference and good adaptability to the 
environment, which results in a measurement that does not require contact and is 
not destructive. A similar device was described by Moore et al. [ 47 ], who synthe-
sized a sol-gel coating with a matrix network formed by silicon and zirconium 
oxides. This matrix was used to immobilize a pH indicator (Nile blue) and depos-
ited on an optic fi ber for use at high pH values (greater than 9) in chemical manu-
facturing processes and photographic developer solutions [ 47 ]. 

 Intelligent and  active   optical sensors have been combined within the same device. 
Capeletti et al. [ 48 ] reported a hybrid silica-based additive that can be embedded in 
polymers and used in the food industry. This sensor and additive is based on the 
encapsulation of different compounds including copper (I), sulfur, ascorbic acid, and 
citric acid in hybrid silica matrix. The aforementioned sensor and additive were 
 prepared with different organosilanes, such as tetraethylorthosilicate, ethyl-
triethoxysilane, methyltriethoxysilane, phenyltriethoxysilane, methyltrimethoxysi-
lane, n-octylethoxysilane, n-butylethoxysilane, and vinyltrimethoxysilane. These 
materials were employed to change color (Fig.  25.8 ) when in contact with food deg-
radation products, such as amino compounds, amides, oxygen-reducing  compounds, 
and/or vapors. In addition, the active sensor can reduce the microbial activity of 
packed raw food. This gadget could increase the time that the product can be stored 
and consumed without health risks [ 48 ].

25.3         Conclusion 

 The sol-gel process has demonstrated its enormous potential for use in the rational 
design and optimization of optical sensors by immobilizing receptor elements 
within silica matrices. In addition, with careful selection of sol-gel process param-
eters and matrix composition, sol-gel materials can be tailored to have very specifi c 
surface areas and sensing properties. A balance of forces is necessary in terms of 

  Fig. 25.8    Example of 
sensors prepared by 
Capeletti et al. [ 48 ] before 
and after contact with 
ammonia gas       
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receptor element leaching because the interaction between the receptor element and 
the organic groups cannot be so intense that this interaction could lock the active 
site and prevent the reaction with the analyte. In addition to the sensitive element 
content, the surface area and hydrophobicity can affect the analyte permeation and 
sensor response. Several studies have described the search for materials with robust-
ness, good reproducibility, and chemical and physical stability. 

 The sol-gel approach is a very fl exible and rich process. Therefore, more research 
to identify better materials remains important. In addition, some companies are spe-
cializing in this type of material elaboration because the miniaturization of disposi-
tives allied to electronic interfaces requires more development and study. In general, 
multicomponent detection and discrimination in the same dispositive and long-term 
stability of these materials remain a challenge.     
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    Chapter 26   
 Sensory Polymers for Detecting Explosives 
and Chemical Warfare Agents                     

       José     M.     García     ,     Jesús     L.     Pablos     ,     Félix     C.     García     , and     Felipe     Serna    

    Abstract     The detection of explosives (EXs) and chemical warfare agents (CWA) is 
challenging and a topic of current interest. It is driven by societal concerns about the 
widespread use of explosives in the mining industry and military endeavors and 
specifi cally in terrorist attacks and of CWA in the latter. The detection and quantifi -
cation of these chemicals is twofold, through vapor and in solution detection. 
Sensory polymers are suitable materials for this purpose because they can be trans-
formed or prepared as intelligent fi lms, coatings, and fi bers in sensory materials for 
transducing devices, as smart strips or tags that can be easily handled, or even as 
smart coatings for commercial fabrics as well as paint for all kinds of surfaces. The 
detection is based on any variation of a measurable property arisen from the target 
species/polymer interaction such as mass uptake, conductivity or resistivity changes, 
chemo-mechanical and electrochemical behavior variations, and chromogenic and 
fl uorescence behavior modifi cations.  
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26.1       Introduction 

 The multiple-point release of sarin nerve gas in the Tokyo subway system 
(3/20/1995), the bombing of four Madrid trains (3/11/2004) and the London subway 
system (7/7/2005), and specifi cally the attack on the World Trade Center in 
New York (9/11/2001) showed the preparedness of developed countries in facing 
terrorist attacks and had suddenly turned into a global threat. 

 Among a number of challenges regarding civil security in our fast-moving glob-
ally interconnected world, both chemical warfare agents (CWAs) and explosives 
(EXs) are major societal concerns. Accordingly, their in situ and real-time detection 
is a challenge that is being tackled from an instrumental and chemical viewpoint. 

 CWAs are chemicals designed and prepared to be harassing, incapacitating, or 
lethal [ 1 ]. The discussion in this chapter will be focused on nerve agents (NAs), a 
specifi c family of CWAs somewhat derived from pesticide research. They are the 
most dangerous and lethal chemical warfare species;  develope  d in the 1930s and 
1950s, G and V type, respectively, have the sole purpose to be used as weapons. The 
sensing of CWAs is primarily directed toward the detection of vapors for attack 
prevention, though forensic analysis is also relevant after a terrorist act and for con-
trol of these chemicals according to the Chemical Weapon Convention, which 
entered into force in 1997. 

 Contrary to CWAs, commercial EXs are broadly used for different purposes and 
applications in civil engineering beyond their militarily use. The detection of EXs is 
mainly twofold focused: on  forensic and criminal investigations   of terrorist attacks 
and on homeland and civil security, the latter including humanitarian efforts in dem-
ining and specifi cally the prevention of terrorist attacks. From these viewpoints the 
main goal is directed toward trace explosive vapor detection, although detection in 
solution is also important for some fi elds related with forensic science as well as for 
environmental control and remediation. Three families of widely used commercial 
explosives are covered in this chapter, namely, nitroaromatics, nitrate esters, and 
nitramines. Peroxide explosives are also covered, though they are noncommercial 
explosives, because of their accredited use in terrorist attacks due to their easy prep-
aration from widely available chemicals. 

 Sensory polymers are macromolecules that have in their structure both binding 
sites (or receptor motifs) for guest (or target) molecules and signaling units. They 
have lots of  advantages   over discrete or low molecular mass chemosensors which 
are discussed in the following examples [ 2 ]. First, these polymers can be prepared 
or transformed into fi lms, coatings, or fi nished sensory materials with different 
shapes and exhibit collective properties sensitive to minor perturbations. Their dis-
tinct polymer geometries are affordable (linear, spherical, and tridimensional cross- 
linked network) and can be easily designed to work in hydrophobic or hydrophilic 
environments. Finally, while their sensory and signaling moieties cannot migrate, 
they can be used to sense both vapors and liquids [ 2 ].  
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26.2     Chemical Warfare Agents 

 CWAs can be  classifi   ed as riot-control agents, incapacitating agents, blood agents, 
vesicants, chocking or respiratory agents, nerve agents, or binary and nontraditional 
agents [ 1 ]. As it has been pointed out in the introduction,    NAs are covered in this 
chapter (Scheme  26.1  and Table  26.1 ) [ 3 ,  4 ]. Some of the G-agents, developed in 
Germany in the 1930s, and V-agents, British-developed chemicals around 1950, are 
shown in Scheme  26.1 . The former agents are usually nonpersistent (i.e., volatile 
chemicals that are rapidly hydrolyzed), whereas the latter are usually persistent (i.e., 
not highly volatile chemicals that can persist in an area for a relatively long period 
of time) (Table  26.2 ) [ 5 ]. They have an organophosphoric acid ester or 

   Table 26.1    Toxicity to man of some important CWAs (data from [ 4 ])   

 Agent type  Agent 
 LCt 50  
 Inhalation (mg min/m 3 ) 

 LD 50  
 Skin (mg/individual) 

 Nerve agent  Tabun (GA)  200  4,000 
 Sarin (GB)  100  1,700 
 Soman (GD)  100  300 
 V-agents  50  10 

 Chocking agent  Chlorine  10,000  293 
 Blood agent  Hydrogen cyanide  5,000  200,000 
 Vesicant  Mustard (sulfur)  1,500  10,000 

  LD 50 , dose at which 50 % of the exposed population will die; LCt 50 , used for inhalation, is defi ned 
as the product of the concentration (C) and the length of exposure (t). L represents lethal and 50 
stands for 50 % effect  

  Scheme 26.1    Chemical structures, names, and codes of some NAs and NA simulants and degra-
dation products. The structures do not provide stereochemistry information regarding some of the 
phosphorous atoms (also not for the asymmetric carbon in GD and PMP)       

 

26 Sensory Polymers for Detecting Explosives and Chemical Warfare Agents



556

organophosphorus structure, related to that of pesticides, which inhibit acetylcho-
linesterase (AChE) by irreversible binding to its active site and are considered the 
most infamous of synthetic chemical derivatives [ 6 ]. Their dangerousness, along 
with their ease of synthesis, odorless and colorless, underscores the need of their 
detection. At a bench scale, laboratories that are not conditioned to use NAs usually 
carry out research and development in this fi eld using mimicking compounds 
(Scheme  26.1 ). Examples of these compounds are dimethyl methylphosphonate 
(DMMP), diisopropyl methylphosphonate (DIMP), diisopropyl fl uorophosphate 
(DFP), and diethyl chlorophosphate (DCP). These mimicking compounds are not 
valid NAs because they are poorly persistent (readily hydrolyzed) or even hydro-
lyzed products, also known as degradation products, such as pinacolyl methylphos-
phonate (PMP) or methylphosphonic acid (MPA) [ 3 ].

     To date, different detection techniques and methodologies have been used to 
achieve the goal of detection of CWAs in a real-time manner, while also meeting the 
affordability and portability criteria. For instance, remote or standoff  monitoring   
has been carried out by infrared and Raman spectroscopy and on-the-spot detection 
by colorimetric, ion mobility spectrometry, surface acoustic wave sensors, fl ame 
photometry, photoionization and electrochemical detection, and carbon nanotube 
gas ionization sensors [ 1 ]. Some of these techniques are partially based on, or use, 
conjugated or conductive polymers (CPs), molecularly imprinted polymers (MIP), 
an array of sensors based on a set of polymers, or miscellaneous polymers compris-
ing, for instance, dendritic or hyperbranch macromolecules, polymer chemosensors 
or chemodosimeters, and polymer-coated paper strips. 

26.2.1     Conjugated or Conductive Polymers 

  A CP, also known as synthetic metal, is a macromolecule with a main chain com-
prised of alternating single and multiple bonds, which provide  the   material with a 
bandgap that endow it with semiconductive to insulating characteristics and can be 

   Table 26.2    Selected data of some NAs (sorted from highest to lowest vapor pressure) (data from [ 5 ])   

 Nerve 
agent  Persistent (p)/nonpersistent (np) 

 Boiling point 
(°C) 

 Vapor pressure at 
25 °C (atm)  ppb v  

 GB  np  147  3.82 × 10 −3   3,820,000 
 GD  np  198  5.26 × 10 −4   526,000 
 GV  np  226  6.44 × 10 −5   64,400 
 GF  np  239  5.79 × 10 −5   57,900 
 GA  np  248  4.86 × 10 −5 b   48,600 
 VM  p  ~293  2.63 × 10 −6   2,630 
 VX  p  298 a   9.21 × 10 −7   921 
 VE  p  311  7.26 × 10 −7   726 
 VG  p  315  7.11 × 10 −7   711 

   a Calculated 

  b Vapor pressure at 20 °C  
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turned conductive by doping. Depending on the constitution, CPs may exhibit 
strong luminescence associated with the delocalization and polarization of the 
structures. These properties, along with the collective properties that CPs exhibits 
making them sensitive to minor perturbations, allow these polymers to be useful as 
sensitive materials for a number of detection technologies [ 2 ,  7 – 9 ]. Some of the CPs 
used in the detection of NAs, NA simulants, and degradation products are com-
mented below and summarized in Table  26.3 .

   Conductive polyaniline (PANi) and polypyrrole (PPy) polymers coated onto 
woven poly(ethylene terephthalate) (PET) or nylon fabric were used as chemiresis-
tive sensors for detecting a number of vapors, including DMMP [ 10 ,  11 ]. Moreover, 
the sensitivity of materials was increased by deposition of copper salts onto the 
coated sensory fi bers. Doped PPy with 1,5-naphthalene, disulphonic acid, 
anthraquinone- 2-sulphonic acid, and hydrochloric acid were also used as chromo-
genic material for the detection of DMMP. Thus, the coating of an optic fi ber 
allowed for a chemochromic transducer with a sensitivity of 26 ppm [ 12 ,  13 ]. 

   Table 26.3    Conjugated polymers used in the detection of nerve agent simulants and degradation 
products   

 NA 
simulant 

 Degradation 
products  Polymer 

 Other 
characteristics  Response  Cite 

 LOD or 
detection 
level 

 DMMP 
vapors 

 PANi  Resistive  [ 10 , 
 11 ] 

 28 ppm 

 DMMP 
vapors 

 PANi  Conductivity  [ 13 ] 

 DMMP 
vapors 

 PPy  Resistive  [ 10 , 
 11 ] 

 28 ppm 

 DMMP 
vapors 

 PPy  Hybrid ppy/iron 
oxyhydroxide 
nanoparticles 

 Resistive  [ 15 ]  0.1 ppb 

 DMMP 
vapors 

 PEDOT  Nanonodule and 
nanorod 
structures 

 [ 16 ]  10 ppt 

 DMMP 
vapors 

 PPy  Chemochromic  [ 12 ]  26 ppm 

 DMMP 
vapors 

 PT  Resistive  [ 17 ]  0.05 ppm 

 DCP 
solutions 

 Poly(fl uorene-
co-quinoxaline) 

 Coated paper 
strips 

 Fluorescence  [ 14 ]  1.49 × 10 −5  M 

 PMP solution  PT  MIP  Frequency 
variation of a 
quartz crystal 
resonator 

 [ 18 ]  60 μM 

 Degradation 
products of 
VE, VX, VG 

 PPy  Amperometric  [ 19 ]  3–4.5 μM 
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 The fl uorescence detection of DCP in solution was achieved with sensory paper 
strips prepared by simple immersion of fi lter paper in a  poly(fl uorene-co- quinoxaline) 
copolymer. The presence of the NA simulant quenched the emission of the paper-
based strip, an emission that was restored after treatment with basic aqueous 
solution [ 14 ]. 

 Hybrid nanomaterials such as PPy nanoparticles vertically decorated with iron 
oxyhydroxide metal oxide (FeOOH) nanoneedles were also used as chemoresistive 
materials for the detection of DMMP vapors at the sub-ppm level [ 15 ]. An even lower 
limit of detection (LOD) was achieved with hydroxylated poly(3,4- 
ethylenedioxythiophene) (PEDOT) nanotubes with nanonodule and nanorod struc-
tures, which were grown on a surface by vapor deposition polymerization (VDP). 
The integration of the sensory material on fl exible PET substrates yielded a LOD of 
10 ppt [ 16 ]. Carbon nanotube/polythiophene (PT) chemoresistive sensors gave rise to 
a conductance change of 1 % in an atmosphere containing 0.05 ppm of DMMP [ 17 ]. 

 PT was also used for the detection in solution of PMP, the hydrolysis product of 
GD. The polymer was used to prepare a MIP that was electropolymerized in a quart 
crystal microbalance (QCM)  [ 18 ,  19 ].  

26.2.2     Molecularly Imprinted Polymers 

    MIPs   are polymer networks with binding cavities for target molecules. The cavities 
are usually created by polymerization of different comonomers in the presence of 
these targets, which behave as templates and after their removal creates the cavity 
especially suited for a specifi c target chemical species [ 2 ]. 

 Lanthanide complexes prepared  from   4-vinylbenzoic acid and Eu 3+ , along with a 
matrix of styrene and divinylbenzene (DVB) with the targets VX and G-type (GB 
and GD), were used to prepare an optic fi ber MIP coating for the fl uorescent recog-
nition and quantifi cation of target NAs in solution [ 20 ]. 

 A DCP simulant was determined using a MIP membrane integrated with a poten-
tiometric transducer. The membrane was comprised by 2-hydroxyethyl methacrylate 
(HEMA), a cross-linking monomer ethylene glycol dimethacrylate (EGDMA), and 
4-vinylaniline (VA) as sensory motif and the template (DCP), which anchored cova-
lently to VA and was fi nally leached by washing the membrane with acidic methanol 
[ 21 ]. Following a similar approach, methyl 3,5-divinylbenzoate/Eu 3+  complexes 
allowed for the preparation of a MIP sensory material for the luminescent detection 
of the NA degradation product PMP [ 22 ]. β-Diketone/Eu 3+ /PMP complexes were 
also described as potential imprinting compounds for the preparation of selective 
MIPs for PMP [ 23 ]. Regarding this point, a β-diketone/Eu 3+ /PMP complex was 
designed as a reversible addition fragmentation chain transfer (RAFT) monomer to 
prepare fl uorescent polymers end-capped with the β-diketone/Eu 3+  motifs [ 24 ]. 

 MPA, as one of the degradation product of G and V type NAs, was potentio-
metrically detected in solution with a MIP prepared from methacrylic acid (MAA) 
and  N -vinylpyrrolidone (VP) as comonomers and EGDMA as a cross-linker, using 
MPA as template   [ 25 ].  
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26.2.3     Sensor Array Based on a Set of Polymers 

  The lack of selectivity is a challenge that has to be tackled in sensor technology. One 
of the ways of addressing this challenge is by using an array of  sensors   or electronic 
nose (e-nose). The multiple cross-transduced signals collected from the array are 
statistically treated with pattern recognition algorithms, such as principal compo-
nent analysis (PCA), as a straightforward way of reducing the dimensionality of the 
data [ 26 ]. 

 A set of polymers is usually used and the transduction is typically based on varia-
tions of conductive properties of the polymers, resistivity changes, or frequency 
variation of acoustic waves such as QCMs, devices based on Rayleigh waves [e.g., 
surface acoustic wave sensors (SAWs)], transverse surface waves, and Love waves. 

 Polymers used are usually commercially available, both organic and inorganic, 
or even hybrid (chemical names and acronyms are depicted in Table  26.4 ).

   SAW-based  sensor   array prepared by deposition of different polymers on a 
quartz substrate by dip and spray coating technique, discriminated DMMP and DCP 
vapors from other gases using PCA analysis [ 27 ], achieved sub-ppm sensitivity 
[ 28 ]. More sophisticated deposition techniques, such as laser-induced forward 
transfer (LIFT), were used to sense GB vapors with a sensitivity of 9 ppb with 
PECH coating and to differentiate from the simulant DMMP and a number of sol-
vents [ 29 ,  30 ]. SAW-based e-nose with PECH and two polysiloxanes coatings led to 
(>95 %) identifi cation performance of DMMP, DCP, and a binary mixture using an 
optimized artifi cial neural network (ANN) and PCA-ANN [ 31 ,  32 ]. 

 Thus, chips consisting of ten parallel plates with polymers as dielectric materials 
were used to measure the dielectric constant upon exposure to atmospheres contain-
ing GA, GB, and GD vapors [ 33 ]. 

   Table 26.4    Commercial polymers used for nerve agent detection and quantifi cation based on 
sensor array   

 Acrylic-like polymers 
 • Poly(vinyl acetate) (PVAc) 
 • Poly(9-vinylcarbazole) (PVK) 
 • Polyvinylpyrrolidone (PVP) 
 • Poly(4-vinylphenol) (PVPH) 
 • Poly(ethylene-co-vinyl acetate) 
(EVA) 

 Polysiloxanes 
 • Polydimethylsiloxane (PDMS) 
 • Poly(methyloctadecylsiloxane) (PMODS) 
 • Poly((3-cyanopropyl)methylsiloxane) (PCPMS) 
 • Poly((3-aminopropyl)propylsiloxane) (PAPPS) 
 • Poly(trifl uoropropylmethylsiloxane-co- 
dimethylsiloxane) (PMFTPMS) 
 • Polysiloxanes with pendant 1-hydroxyhexa- 
fl uoropropyl moieties (SXFA) 

 Rubber-like polymers 
 • Polyisobutylene (PIB) 
 • Polybutadiene (PBD) 
 • Polyisoprene (PIP) 
 • Poly(butadiene-co-styrene) 
(PBS) 

 Miscellanea 
 • Polysulfone (PSU) 
 • Polyethylenimin (PEI) 
 • Polyethylene glycol (PEG) 
 • Polyepichlorhydrin (PECH) 
 • Polycaprolactone (PCL) 
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 Nonconjugated polymers were used to build chemiresistive arrays by preparing 
carbon black/organic polymer composites. The sensory system behaved as DMMP 
and DIMP vapor detectors giving a LOD between 0.047–0.24 mg/m 3 , the lower 
limit obtained with the polymers EVA and PCL for the simulants DMMP and DIMP, 
respectively [ 34 ]. PCA analysis allowed for the differentiation of DMMP from 
SIMP and from a number of analytes, including diesel fuel and other solvents .  

26.2.4     Miscellaneous 

 Dendritic and hyperbranched polyamidoamine (PAMAM) and polyurea-based 
sphere-like polymers were functionalized with  dansyl and nitrobenzofurazan fl uo-
rophores  . The materials responded to polarity changes of solutions with variation in 
the fl uorescence intensity, which was used to differentiate between DMMP and a 
number of NA simulants [ 35 ]. 

 The coating of paper with polynorbornene with pendant 8-hydroxyquinoline 
motifs gave rise to sensory paper strips for the detection of DCP vapors achieving  a 
  LOD of 25 ppb [ 36 ]. A hybrid methacrylamide monomer with pendant terpyridine/
lanthanide 3+  complexes allowed for the preparation of fl uorescence copolymer che-
mosensors for detection in solution of DFP at the (ppb) level (LOD = 6 ppb) [ 37 ]. 
Hybrid polymer comprised of 2,2-bis(3-allyl-4-hydroxyphenyl) hexafl uoropropane 
and oligosiloxane moieties was tested gravimetrically as a sorbent for  DMMP   [ 38 ]. 
Similar polymer structures were used as selective absorbing materials of DMMP in 
polymer-coated QCM [ 39 ].   

26.3     Explosives 

 EXs can be broadly  classifi   ed as secondary and primary explosives. Among the 
manageable secondary EXs, Scheme  26.2  depicts three families of commercially 
relevant EXs, namely, nitroaromatics, nitrate esters, and nitramines such as 
2,4,6-trinitrotoluene (TNT), pentaerythritol tetranitrate (PETN), nitroglycerin (NG), 
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), 1,3,5,7-tetranitro-1,3,5,7- tetrazocine 
(HMX), and 2,4,6-trinitrophenyl-methylnitramine (tetryl). 2,4- and 2,6-dinitrotolu-
ene (DNT) and picric acid (PA) are broadly used as TNT mimics in detection studies 
due to their availability. From a civil security viewpoint though without commercial 
use, it is also relevant to mention the peroxide family, represented by triacetone 
triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD).

    Vapor detection   of explosives is especially interesting for civil security. However, 
it is a challenging task due to the particularly low vapor pressures of commercial-
ized and most widely used secondary explosives, such as HMX, RDX, PETN, and 
TNT (Table  26.5 ) [ 40 ]. Detection of explosive vapor traces has been carried out 
using a number of techniques (e.g., high performance liquid chromatography, gas 
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chromatography, and ion mobility spectroscopy). From a polymer viewpoint, the 
sensitivity and selectivity challenges have been tackled, for instance, using amplify-
ing fl uorescent conjugated polymers, array sensing, and SAW.

   The scientifi c literature is much broader than that related to CWAs, and the 
reader is referred to the extensive number of specifi c reviews covering different 
aspects of the topic cited below. 

26.3.1     Conjugated or Conductive Polymers 

 CPs can be grouped in different families according to the polymer backbone, such 
as poly( p -phenyleneethynylene)s (PPEs) ( P1 ), poly( p -phenylenevinylene)s (PPVs) 
( P2 ), polyacetylenes ( P3 ), polysilanes and related polymetallocenes ( P4 ), and 
polyphenylene- like polymers ( P5 ) (Scheme  26.3 ). Fluorescent CPs are the most 

  Table 26.5    Vapor pressure at 
25 °C of some explosives 
(sorted from lowest to 
highest) (data from [ 40 ])  

 Explosive  Vapor pressure (atm)  ppb v  

 HMX  2.37 × 10 −17   0.0000000237 
 RDX  4.85 × 10 −12   0.00485 
 PETN  1.07 × 10 −11   0.0107 
 TNT  9.15 × 10 −9   9.15 
 2,4-DNT  4.11 × 10 −7   411 
 NG  6.45 × 10 −7   645 
 2,6-DNT  8.93 × 10 −7   893 
 TATP  6.31 × 10 −5   63,100 

  Scheme 26.2    Chemical structures and acronyms of some EXs (*PA is an explosive widely used 
as a TNT mimic in-lab studies due to its availability and inertness as wet chemical; DNTs are 
explosives widely used as a TNT mimic due to their availability)       
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sensitive to EX vapors due to the collective properties of these polymers and to the 
sensitivity of the  fl uorescence technique   [ 2 ,  41 – 46 ]. For example, a commercial 
explosives trace detector, which is based on  P1.1 , has a sensitivity comparable to 
trained explosive detection canines (Fig.  26.1 ) [ 47 ]. Avoiding aggregation and self- 
quenching is a milestone in effi cient fl uorescence CP chemosensors in the solid 
state (e.g., fi lms), and this is a key point of the rigid and bulky pentiptycene group 
of  P1.1 . The sensitivity of the systems is improved by increasing fl uorescence life-
time by properly designing the alkyl R 1  and R 2  groups [ 48 – 53 ] and by including 
fused polycyclic aromatics that usually have a weakly allowed or forbidden transi-
tion, such as main chain triphenylene or dibenzochrysene residues [ 54 ,  55 ]. 
 Pentiptycene  -containing polymers were used to develop an e-nose based on an 
array of sensory materials attached to the distal tips of an optical fi ber bundle for the 

  Scheme 26.3    CP chemosensors       
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detection of DNT [ 56 ]. Higher sensitivity toward nitroaromatics was also achieved 
by the lasing action. For instance, PPV  P2.1  showed outstanding quantum yield in 
the solid state (Φ = 0.8) as well as exceptional stability to photobleaching [ 57 ]. A 
good fl uorescence quenching response toward RDX vapors was also observed in 
PPV networks [ 58 ]. The polymer  P2.2  showed a lasing emission that was 20 times 
more sensitive to TNT vapors than spontaneous emission, with a LOD of 10 ppb 
[ 59 ]. The bulkiness, the donating groups, and the extension of the conjugative sys-
tem allowed for the tuning of the fl uorescence and sensor capabilities rendering 
materials that showed quenching upon exposure to DNT and TNT vapors at the 
(ppm) level [ 60 ]. The increment of the electron richness of the even bulkier iptycene 
structures rendered polymers that exhibited static quenching, and the materials 
recovered their fl uorescence much slower than  P1.1  after exposure to TNT vapors. 
The formation of complexes between TNT and  P1.2  was ascribed to the electron 
enrichment of the iptycenes due to the presence of substituted alkoxy groups [ 61 ]. 
 Multiphoton excitation   was also used to advantageously detect TNT at millimolar 
level [ 62 ]. The less bulky PPV  P2.3  also showed a similar response, although it was 
less sensitive to TNT. The infl uence of the iptycenes in the exciton transport and 
TNT sensitivity was demonstrated with chiral  P1.1  structures and chiral PPEs struc-
tures lacking in this group ( P1.3 ), the latter exhibiting much lower fl uorescence 
intensity in solution due to aggregation [ 51 ,  63 ].  Pyrene  -containing polymers 
showed to have an enhanced selectivity toward TNT in water in relation to DNT and 
other explosive simulants [ 64 ]. In relation with the sensing performance of the CPs 
regarding TNT vapor detection, it can be improved also by physical means, for 
instance, by increasing the surface area by lyophilization from the proper solvent, 
as depicted for PPE [ 65 ].

    PPVs with pendant-branched oligoethylene groups allowed for the detection of 
TNT in the solid state [ 66 ] and were also used to prepare composite materials with 
silica sensitive to traces of TNT vapors [ 67 ]. 

  Fig. 26.1    Scheme of a 
sensory working device: 
( 1 ) blue LED (light 
emitting diode), ( 2 ) lens, 
( 3 ) interference fi lter, ( 4 ) 
glass substrate, ( 5 ) 
polymeric fl uorophore thin 
fi lm, ( 6 ) analyte, ( 7 ) 
interference fi lter, and ( 8 ) 
photomultiplier (reprinted 
with permission from [ 41 ], 
Copyright 2014 Springer)       
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  Polysilanes   show unusual electronic and optical properties because of the 
delocalizable and polarizable σ-electrons along the Si-Si backbone. Fluoroalkylated 
polysilane polymer solid fi lms ( P4.1 ) have also been described as an excellent fl uo-
rescence chemosensor for nitroaromatic EXs in water, based on the fl uorescence 
quenching in the near-UV region, with ppm sensitivity [ 68 ]. Related polysiloles 
prepared by 1,1 coupling, such as poly(2,3,4,5-tetraphenyl-1-silacyclopenta-2,4- 
diene) (C 4 Ph 4 Si) x   P4.2 , exhibit similar behavior. The fl uoresce quenching permitted 
the evaluation of the presence of TNT down to 1 and 50 ppb in air and seawater, 
respectively, and also its visual detection on surfaces [ 69 ,  70 ]. Other  polymetallole 
fi lms   (e.g., polygermole and its derivatives) were also used for the visual fl uores-
cence detection of solid explosive traces [ 71 ,  72 ].  P4.2  was used with the chemi-
cal 2,3-diaminonaphthalene in a tandem fl uorescence off/on methodology for 
the selective solid-state detection of traces of the broad family of nitroaromatic, 
nitramine, and nitrate ester explosives [ 73 ]. Poly(tetraphenylsilole-vinylene), 
poly(tetraphenylsilole-silafl uorene-vinylene), and poly(silafl uorene-vinylene) 
showed fl uorescence quenching to solid particulates of TNT, DNT, PA, RDX, 
HMX, tetryl, PETN, and NG [ 74 ]. Luminescent oligo(tetraphenyl)silole NPs were 
also used as chemical sensors for aqueous TNT [ 75 ]. Polymer with silafl uorene and 
fl uorene moieties  P4.3  presented fl uorescence quenching response toward nitroaro-
matic explosives. The sensitivity of this kind of polymer chemosensors,  poly(silafl -
uorenyldiethynylspirobifl uorene) , and poly(tetrasilolediethynylspirobifl uorene), to 
solid explosives was increased by chemically anchoring the polymers to a silica gel 
thin layer chromatography support [ 76 ,  77 ]. In water, the detection of  TNT and 
RDX   with this kind of material was achieved by suspensions of polymer/silica NPs, 
PPEs-grafted silica NPs, and amine-functionalized mesoporous silica NPs contain-
ing PPV [ 78 – 80 ]. 

 The  rigid structure   of diphenyl substituted polyacetylenes ( P3.1 ) provided a low 
level of aggregation and high free volume valid for the fl uorescence detection of 
nitroaromatic chemical vapors [ 81 ]. 

 Thin fi lms of  polythiophenes   with pendant 1,2,3-triazole groups showed revers-
ible fl uorescence quenching upon exposure to DNT and TNT vapors [ 82 ]. A hybrid 
nanosensor of PEDOT nanojunction covered with a thin layer of ionic liquid was 
used to detect TNT [ 83 ]. 

 Polymers with a main chain containing  o -hydroxyphenyl groups into the 2- and 
5-positions of oxadiazole gave rise to excited-state intramolecular proton transfer 
(ESIPT). Fluorescence was quenched by PA and DNT in organic solution [ 84 – 86 ]. 

 Nanofi brous polypeptide doped PANi deposited on an electrode was used for the 
 trace detection   of TNT in solution by adsorptive stripping voltammetry [ 87 ]. 
Oligopeptides have also been used as nitroaromatic receptors in solution experiments 
using a QCM sensing platform [ 88 ,  89 ]. 

 The detection of  taggants   [e.g., 2,3-dimethyl-2,3-dinitrobutane (DMNB)] was 
also accomplished studying the reversible binding of DMNB to  P5.1  in the solid 
state, the binding causing the fl uorescence quenching. Other less effective CPs such 
as  P1.1  and  P5.2  were also analyzed [ 90 ]. Related with  P5.2 , fi lms of polycarbazole 
with bulky pendant motifs (i.e., 4-[tris-(4-octyloxyphenyl) methyl] phenyl) were 
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used to sense TNT and DNT [ 91 ,  92 ]. Porous fi lms and coated fi bers prepared with 
polymers with similar structures having pendant cholesterol motifs were also 
described [ 93 ].  

26.3.2     Molecularly Imprinted Polymers 

   The research  concerning    MIPs   for detecting EXs emerged in this century and 
exploded in the last decade, with currently commercialized or ready to commercial-
ized MIP-based sensory systems [ 94 ]. MIPs have been used for preparing electro-
chemical, acoustic wave, and optical sensors. Extended reports on this fi eld were 
prepared by Kutner, D’Souza, et al. [ 95 ] and recently by Xue, Meng et al. [ 94 ], with 
representative examples provided below. 

 MIPs prepared from methacrylic acid were labeled with amine-functionalized 
quantum dots for the detection of DNT and TNT in solution, explosives that were 
used as templates and caused the fl uorescence quenching [ 96 ]. 

 Polymer beads and fi lms obtained by direct surface polymerization on QCM 
were used to detect TNT and DNT by the mass uptake. Best results were obtained 
using acrylamide and EGDMA as monomer and cross-linker, respectively, with 
chloroform as the polymerization solvent, showing a TNT vapor uptake of about 
150 pg/μg MIP per hour [ 97 ,  98 ]. Spherical polymer beads prepared with meth-
acrylic acid and using PEG as porogen uptook TNT vapors with capacities ranging 
0.2–0.3 ng/mg of MIP [ 99 ]. 

 The selectivity of PPVs was also improved by preparing MIPs as micrometer- 
sized spheres for TNT using 2,4,6-triisopropyltoluene as non-quenching template. 
The exposure to TNT and DNT vapors gave rise to signifi cant fl uorescence quench-
ing, and selectivity toward DNT was partially observed by tuning the bulkiness of 
the pendant substitutions of the main chain rings [ 100 ]. 

 A sensor based on surface-enhanced Raman scattering (SERS) for TNT 
in solution  was reported. The polysiloxane-based MIP, prepared  with 
3- aminopropyltriethoxysilane, 3-mercaptopropyltrimethoxysilane, and methyl-
triethoxysilane, was deposited on a SERS-active surface as the sensing layer, and 
the LOD was 3 μM [ 101 ]. The former monomer was previously used for molecular 
imprinting on the walls of silica nanotubes for the recognition of TNT [ 102 ]. 

 A selective voltammetric TNT sensor in water and soil samples was reported. 
The MIP, based on methacrylic acid and incorporated in a carbon paste electrode, 
functioned both as a selectively recognition element and pre-concentrator agent for 
the explosive [ 103 ]. 

 TATP in solution was sensed by differential pulse voltammetry in presence of 
other explosives such as PETN, RDX, HMX, and TNT. The sensor was prepared 
by electropolymerization of pyrrole on a carbon electrode using TATP as tem-
plate [ 104 ]. 

 TNT vapors were detected at the (ppb v ) using planar integrated optical wave-
guide (IOW) attenuated total refl ection spectrometry, where MIPs deposited on the 
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waveguide surface acted as the sensing layer. The MIPs were prepared with silane 
monomers alongside carbamate groups with DNT motifs, which acted as templates 
and were chemically removed from the net [ 105 ]. 

 The potentiodynamic electropolymerization on the Au-coated quartz crystal 
resonators (Au-QCRs) of complexes of 4-(di([2,2′-bithiophen]-5-yl)methyl)aniline 
and different nitroaromatic explosives was used to prepare sensors for the simulta-
neous chronoamperometry (CA) and piezoelectric microgravimetry (PM) determi-
nation of TNT, DNT, and PA [ 106 ]. 

 A LOD of 12 fM for RDX in solution was achieved using imprinted composite 
of bisaniline-cross-linked AuNPs. Changes in the dielectric properties of the AuNP 
composite arisen from the interaction with RDX resulted in an amplifi ed shift in the 
surface plasmon resonance (SPR) spectra [ 107 ,  108 ]. The combination of surface 
molecular assembly with nanostructures (nanowires/nanotubes) in the imprinting 
technique created effective recognition sites for TNT in a more effective way than 
the traditional use of porogens. The MIP nanostructures were prepared with acryl-
amide and EGDMA and porous alumina membranes   [ 109 ].  

26.3.3      Sensor Array   Based on a Set of Polymers 

  Arrays of carbon black-polymer (PVAc, PMMA) composites were used to prepare 
a series of sensors that respond to vapors with a change in resistance. Thin compos-
ite fi lms were deposited across two metallic leads; the fi lms showing swelling- 
induced resistance changes upon exposure to vapors. TNT, DNT, and DNB were 
detected in air and discriminated from each other [ 110 ,  111 ]. 

 An array of three luminescent sensory solid organic and hybrid polymer mem-
branes were used to selectively detect and discriminate nitro explosive vapors. The 
sensory materials were based on dicoumarol hybrid complex monomers containing 
Tb (III) and Sm (III). PCA of the fl uorescence data allows for both discrimination 
between TNT, PETN, and RDX vapors and a number of mimics [ 112 ]. 

 Five commercial PPVs ( P2.4 ) and fl uorene-containing polymers were coated 
onto glass beads and used as a sensory array for nitroaromatics. PCA and LDA 
analysis of the data allowed for the discrimination of TNT, tetryl, and a number of 
explosive simulants and nonaromatic nitro-explosives  [ 113 ].  

26.3.4     Miscellaneous 

 A series of  chemoselective polymers   were evaluated as thin sorbent coatings on 
SAW devices for their vapor sorption and selectivity of TNT, DNT, and other 
nitroaromatics. Among different polymeric materials tested, siloxane polymers 
functionalized with acidic pendant groups showed the best results and among them 
 P4.2  with LOD at the ppt concentration range for 2,4-DNT [ 114 ]. A  PEG polymer 
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coating   was used to prepare a complete module of 150 MHz SAW for the detection 
2,4-DNT vapors [ 115 ]. Vinyl functionalized cyclodextrins were also chemically 
incorporated into polysiloxane fi lms and chemically anchored to the transducer sur-
face as in SAW devices for DNT vapor with sensitivities at the ppb level. The cyclo-
dextrins had electron-rich aromatic rings for enhancing the binding toward 
nitroaromatics [ 116 ]. 

 Explosive  fi ngerprint residues   (i.e., trace amounts of explosives) were visually 
detected by using a specifi c color reaction between cyclopentadienylmanganesetri-
carbonyl (cymantrene) and explosives after a short period of low-power UV irradia-
tion. The reaction was performed within thin polymer fi lms (e.g., divinylbenzene/
styrene copolymer) with embedded cymantrene, which were used as tactile sensors; 
upon gentle contact with a DNT contaminated fi ngertip, they retained trace amounts 
of EXs and EXs simulants as clear imprints [ 117 ]. 

 Sensory polymeric materials for the  visual sensing   of TNT vapors and in aque-
ous media were developed using a straightforward strategy. Polymer chemosensory 
fi lms and coated fabrics were prepared by bulk radical polymerization of hydro-
philic commercial monomers, such as 2-hydroxyethyl acrylate with EGDMA as the 
cross-linker. In addition to this, small quantities of sensory monomer consisting of 
an amine-containing acrylic monomer (2-(dimethylamino)ethyl methacrylate, 
4-{ N -(2-(methylamino)-ethyl)aminomethyl}styrene, and 4-(aminomethyl)styrene) 
were also utilized. TNT gave rise to a highly colored complex with the amine groups 
of the polymers, giving rise to the transduction phenomenon. The quantifi cation was 
achieved by processing the digital color defi nition (RGB parameters) of a picture 
taken of the materials [ 118 ,  119 ]. 

 The  fl uorescence quenching   of main chain coumarin-containing polymers was 
also observed in presence of DNT and TNT. The quenching of the coumarin fl uoro-
phore motifs was achieved in organic solution and in the sensing of vapors by poly-
mer fi lms [ 120 ]. Pyrene-doped polyethersulfone polymers also gave rise to 
fl uorescence quenching upon entering into contact with a number of nitroaromatic 
explosive vapors, especially with DNT and TNT [ 121 ]. 

  Hyperbranched   conjugated poly(2,5-silole)s and poly(silylenephenylene)s 
responded to 1 ppm of PA in solution with a fl uorescence quencher, where the fl uo-
rescence and the amplifi cation was increased by aggregation-enhanced emissions 
[ 122 – 124 ]. The amplifi cation of an aggregation-enhanced emission in solution was 
also observed in linear 2,5-tetraphenylsilole-vinylene-type polymers and in linear 
and hyperbranched poly(aryleneethynylenesilole)s for the detection of PA, DNT, 
and TNT [ 125 ,  126 ]. This type of  amplifi cation   was also described for polymers 
with structural units having triazole and tetraphenylethene groups, which were not 
fl uorescent in THF solution and turned highly fl uorescent upon adding water. A 
further addition of PA turned the fl uorescence off [ 127 – 129 ]. In a step forward in 
polytriazole polymers exhibiting aggregation-induced emission,  hyperbranched 
structures   with spring-like architectures were described. They exhibited this behav-
ior due to the high compressibility of polymer spheres from solution to aggregates, 
thus permitting the detection of PA and TNT explosives with the superamplifi cation 
effect [ 130 ]. 
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 The  sensitivity   of sensory materials depends also on physical aspects. Thus, 
solution-dispersed porous hyperbranched conjugated polymer NPs showed 
enhanced fl uorescence sensitivity toward TNT, both as dispersion and in a solid 
state. The porous conjugated polymer network structure, prepared by Pd-catalyzed 
Suzuki cross-coupling polymerization of tris{4-(4,4,5,5-tetramethyl-[1,3,2]dioxa-
borolane)phenyl}amine and 1,3,5-tribromobenzene in organic-in-water emulsion, 
played an important role in facilitating the diffusion of the target explosive [ 131 ]. 

  Trace detection   of peroxide vapors was carried out with a microcantilever sensor. 
A self-assembled monomer monolayer gave rise to chain polymerization in the 
presence of hydrogen peroxide radicals, causing a defl ection of the cantilever [ 132 ]. 
 Hydrogen peroxide   (H 2 O 2 ) is a peroxide explosive simulant, also present in home-
made TATP and HMTD as it is employed in its synthesis, and is simultaneously a 
degradation product of explosives [ 133 ]. The bleaching capability of H 2 O 2  was 
exploited as a color test in which the dye lissamine green was encapsulated with 
PVA; bleaching was observed with H 2 O 2  vapor and also with other strong volatile 
oxidants, such as ozone and chlorine [ 134 ]. Filter papers coated with poly[3′,6′-
bis(1,3,2-dioxaborinane)fl uoran] gave rise to fl uorescein upon entering into contact 
with H 2 O 2  vapors, turning on the fl uorescence of the strips [ 135 ]. A H 2 O 2  sensor 
based on poly(vinyl alcohol)-multiwalled carbon nanotubes-platinum NPs hybrids 
modifi ed glassy carbon electrode was also reported [ 136 ]. AgNPs decorated with 
poly( m -phenylenediamine) microparticles had a signifi cant boost in catalytic per-
formance toward the reduction of hydrogen peroxide H 2 O 2 . The sensor prepared 
with such composites showed a fast amperometric response time of less than 5 s 
with a LOD of <4 μM at the signal-to-noise ratio of 3 [ 137 ,  138 ]. The colorimetric 
detection  of   H 2 O 2  in solution was tackled by a stimuli-triggered charge-generation 
polymer with AuNPs. The presence of H 2 O 2  triggered the transformation of the 
neutral polymer to a cationic polyelectrolyte via the deprotection of carbamate- 
based amine protecting moieties. The cationic polyelectrolyte caused the aggrega-
tion of negatively charged AuNPs with the concomitant red shift of the surface 
plasmon resonance band [ 139 ].   

26.4     Conclusion and Future Outlook 

 The detection and quantifi cation of chemical species are key objectives of chemis-
try. For these purposes, a number of methodologies based on potent analytical tech-
niques have been developed, such as gas chromatography-mass spectroscopy 
(GC-MS) or ion mobility spectrometry. These techniques have pros and cons, the 
former related with their selectiveness and sensitiveness and the latter with their 
high price, bulkiness, environment and maintenance requirements, as well as the 
requirement of highly trained personnel. The growth of the chemosensing fi eld, 
associated with the sensing of a target chemical species by a receptor, the sensing 
relying on easily measurable transductions (even on a visible signal), is bringing 
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about a new era in the development of cheap, portable sensory devices, able to be 
used without training. 

 However, the discrete and low molecular mass receptor molecules exhibit sig-
nifi cant drawbacks related with light and thermal instability, the migration in sup-
ported materials, the lack of solubility in water that hampers their use in this media, 
and as overall the absence of behavior as materials. On the other hand, polymer 
chemosensors can be directly prepared, transformed, and used as sensory materials 
(e.g., fi lms, coatings, and labels). Moreover, the sensory motifs chemically anchored 
to the polymer backbone do not migrate, and the polymer structure provides higher 
thermal and mechanical resistance. Additionally, the materials can be used for sens-
ing vapor species or species in water or organic solution by simply adjusting the 
chemical composition of the polymer to fi t the affi nity (e.g., hydrophilicity or 
hydrophobicity) toward the measuring media. Additionally, polymers exhibit 
 cooperative properties that give rise to signal amplifi cation with concomitant 
increase in sensitivity. 

 Among the target molecules, explosives and chemical warfare agents are of spe-
cial interest and require a sensitive but selective way of detecting these chemicals 
for homeland and civil security applications, as well as for environmental and 
humanitarian endeavors (e.g., soil remediation and demining), and health and safety 
at work. The aforementioned attributes make polymer chemosensors the best choice 
when designing and developing chemosensory materials for explosive sensing. The 
fi eld is open to further developments, such as naked eye sensing using smart labels 
and fi bers, higher sensitivity, and selectivity sensing using conjugated and noncon-
jugated polymers. Other novel applications include sensory arrays coupled with 
statistical data treatment, coupling sensing materials with the availability, portabil-
ity, and power of data analysis using mobile phones and tablets.     
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    Chapter 27   
 Smart Polymeric-Based Microencapsulation: 
A Promising Synergic Combination                     

       Felisa     Reyes-Ortega      and     Majid     Hosseini    

    Abstract     Microencapsulation technology can be used to provide protection, con-
trol the release of the loaded material, negate compatibility issues, and avoid toxic-
ity of the encapsulated materials. Microencapsulation provides the possibility of 
combining different types of smart polymers, thus achieving specifi c properties that 
are diffi cult to get using other techniques. This chapter describes the combination of 
microencapsulation technology using smart polymers for industrial applications, 
such as coatings and paints (encapsulation of self-healing agents), construction 
(encapsulation of phase-change materials), textile industry (encapsulation of ther-
mal or moisture-sensitive polymers and light-responsive polymers), food and bever-
age industry (encapsulation of a vitamin, fl avor, or aromatic substance), 
pharmaceutical formulations (encapsulation of a drug for its protection or controlled 
drug delivery), biomedical applications (encapsulation of a specifi c anticancer drug 
for target therapy, cell-based systems, and DNA or RNA encapsulation), and aero-
space and automobiles applications (encapsulation of self-healing materials, fl ame 
retardant, plasticizers, and catalysts).  
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27.1       Introduction 

  Smart materials   are generally defi ned as those that are able to alter, in a controllable 
manner, a central characteristic upon introduction of an external stimulus. This 
external stimulus can be temperature, voltage, magnetic fi eld, light, pH of the media, 
or a combination thereof. One of the most dynamic classes of polymers is those that 
are called “smart polymers”. A smart polymer undergoes an abrupt physical altera-
tion as a reaction to variations occurring in its environment [ 1 ]. The major identifi er 
that allows a polymer to be called “smart” is their aptitude for sensing minute and 
localized environmental changes and responding to such changes accordingly. Such 
systems are also called “intelligent polymers” because small changes occur in 
response to an external trigger until a critical point is reached, returning to their 
former structure after the trigger is removed. The key ability of these materials is not 
just being able to respond to external cues, but they can also revert back to their 
original form once the stimulus has been removed [ 2 ]. The use of smart polymers is 
increasing noticeably for many applications, due to their sophisticated characteris-
tics. Besides, these kinds of polymers can be potentially interesting when they are 
used as microencapsulation systems. Over the last few decades, researchers have 
delved deeper into the fi eld of smart polymers. These soluble/insoluble stimuli/
environmentally sensitive systems have been utilized in biotechnology, biomedical, 
and various engineering fi elds [ 3 ]. 

 Microspheres/capsules (i.e., with diameters of one to hundreds of micrometers) 
surround the desired compound, thus encapsulating it and  defi ning   microencapsula-
tion technology. By utilizing a multitude of polymeric and non-polymeric com-
pounds (e.g., poly(ethylene glycol)s [ 4 ] (PEGs), poly(methacrylate)s [ 5 ], 
poly(styrene)s [ 6 ] (PSts), cellulose [ 7 ], polyurethanes (PU) [ 8 ], poly(lactide)s 
(PLAs), poly(lactide-co-glycolide)s [ 9 ], gelatin [ 10 ], and acacia), the encapsulation 
process has proven successful for various active materials (e.g., drugs, enzymes, 
vitamins, pesticides, fl avors, and catalysts). These systems will release their con-
tents via various mechanisms which are highly dependent upon the payloads’ end 
use. Implemented in many fi elds, such as food, agricultural, textile, and pharmaceu-
tical, this methodology has even been used in the defense sector where self-healing 
composite materials were fi rst conceptualized as along with chemical decontami-
nating fabrics [ 8 ]. The active compound is trapped via the formation of microparti-
cles within the polymeric matrix.  The   delivery of the compound is dependent upon 
the type of microparticle employed within the system, either microspheres or micro-
capsules. Microspheres are homogeneous blends of those active compounds and 
raw materials; microcapsules, on the other hand, have a core [where the compound 
(solid, liquid, or gas) is loaded] that is typically delimited by the raw material [ 11 ]. 

 The  production   of both categories of microparticles varies greatly in both raw 
materials (i.e., synthetic and natural) and in synthesizing methodology, thus 
yielding various microparticles differing in particle distribution and size, makeup, 
surface chemistry, topography, and morphology. The following features high-
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light the properties of microparticles that enable them as viable candidates for 
the  microencapsulation process [ 11 ]: encapsulated materials’ controlled release, 
supply of protection to the inner material from harsh reactions in the external 
environment, ability to mask organoleptic properties of the active compound, 
and easy handling of the fi nished product.  Monocored, polycored, and matrix   
types are the three main categories of microcapsules. Monocored microcapsules 
consist of a singular hollow cavity, while polycore indicates multiple cavities of 
various shapes and sizes within the shell. The matrix type incorporates the active 
components into the shell’s matrix. 

 Various methods can be employed to synthesize these systems, such as the 
solvent evaporation method, organic phase separation, interfacial polymeriza-
tion, multiple emulsion technique, nanoprecipitation, and spray drying [ 12 ], to 
name a few. These techniques are briefl y discussed in this chapter. The most 
common methodologies used to prepare external sensitive-responsive polymers 
are related to the typical polymer synthesis reactions that yield a well-defi ned 
and controlled structure. For the preparation of  polymeric microparticles  , it is 
necessary to synthesize amphiphilic (both hydrophilic and hydrophobic) poly-
mer structures that are able to form core–shell microparticles. There are many 
factors to consider for the development of nanoparticle systems [ 13 ], but the 
most important are the kind of material [ 14 ], the amount of active agent to be 
incorporated [ 15 ], particle stability [ 16 ], release pharmacokinetics [ 5 ], and tox-
icity. Figure  27.1  shows the trends in different microencapsulation technologies 
reported over 50 years [ 17 ].

  Fig. 27.1    Trends in microencapsulation technologies (Adapted with permission from [ 17 ], copy-
right Elsevier)       
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27.2        Microencapsulation Techniques: A General Overview 

 Microencapsulation methodologies are comprised of two general classes:  chemical 
and physical/mechanical  . Examples of chemical processes, where the microsphere 
creation is via a chemical reaction, are free-radical emulsion polymerization, inter-
facial polycondensation, dispersion, and suspension polymerization [ 18 ]. 
Furthermore, when utilizing the  interfacial polycondensation   method,  shell mor-
phology   is dictated by the monomers’ reactivity and reaction kinetics. The micro-
capsules’ sizes are obtained by the temperature of the reaction, stir rate, and agitator 
blade choice [ 19 ]. The formation of the capsules also relies upon the presence of 
surface active agents. The second category consists of those methods in which the 
starting materials are polymers. Hence, in these methods no chemical reactions are 
involved, and only shape fabrication takes place. Of the physical/mechanical meth-
ods, solvent evaporation/extraction, coacervation/phase separation, precipitation, 
spinning disk, supercritical fl uid expansion, melt solidifi cation, co-extrusion, and 
LBL depositions can be mentioned [ 18 – 20 ]. Generally, the microencapsulation 
method chosen is dictated by the characteristics of the materials (e.g., polymers, 
monomers) used. Microencapsulated products can have a variety of compositional 
as well as morphological characteristics, all of which are determined by the combi-
nation of materials and methodologies. 

 Herein, commonly used microencapsulation techniques including emulsion 
polymerization, interfacial polycondensation, suspension cross-linking, solvent 
evaporation/solvent extraction, coacervation/phase separation, spray drying, fl uid-
ized bed coating, polymer precipitation, co-extrusion process, layer-by-layer depo-
sition, supercritical fl uid, and spinning disk are briefl y discussed. 

 In the  emulsion polymerization   method [ 12 ], dropwise addition of the monomer 
(alkyl acrylates) to a stirred aqueous polymerization medium with the component to 
be encapsulated (core material), along with a suitable emulsifi er, is completed. 
Once polymerization starts, the polymer initially synthesized precipitates into the 
aqueous medium, forming primary nuclei. As the process progresses, gradual nuclei 
growth coincides with entrapment of the active material, thus creating the microcap-
sules. This method is typically employed for lipophilic material encapsulation. 

  Interfacial polycondensation   consists of a pair of complementary monomers 
polycondensing at the two-phase system’s interface [ 21 ]. To synthesize microcap-
sules, the two-phase system is mixed while maintaining carefully controlled condi-
tions to create small drops of the dispersed phase in the continuous suspension/
phase medium [ 21 ,  22 ]. The active component that is going to be encapsulated is 
deliberately chosen so as to be dissolved/dispersed in the drops [ 22 ]. Also, in order 
to avoid the coalescence of the drops or the aggregation of particles, a tiny portion 
of stabilizer is added during the process and ensuing capsule creation [ 22 ]. 
Implementation of interfacial polycondensation can create monocore- or matrix- 
type microcapsules, determined by the polycondensates in the droplet phase. Should 
the matrix be soluble in the droplets, matrix-type microcapsules are formed, if 
insoluble monocore-type microcapsules are achieved via precipitation. 
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 The  suspension cross-linking   technique realizes its potential when used to encap-
sulate proteins and polysaccharides [ 18 ]. This method disperses small drops of an 
aqueous polymeric solution of core materials into an immiscible organic solvent, 
alongside the presence of a stabilizer in the suspending medium in order to segre-
gate the droplets/microcapsules [ 18 ,  23 ]. Covalent cross-linking stiffens the drops, 
thus converting them into microcapsules. Suspension cross-linking is another robust 
method that can encapsulate soluble, insoluble, liquid, or solid materials at both the 
micro- and nanoscale. 

  While similarities can be found between the creation of microcapsules via sol-
vent evaporation/solvent  extraction   and suspension cross-linking, the former typi-
cally uses polyester which is hydrophobic [ 21 ]. The polymer and active component 
are dissolved and/or dispersed in a volatile organic solvent (e.g., chloroform and 
dichloromethane) immiscible or partly miscible in water [ 21 ]. The solution is added 
via a drop-by-drop addition to a stirred aqueous solution along with a stabilizer 
[i.e., poly (vinyl alcohol) or poly (vinyl-pyrrolidone)] and creates small droplets of 
polymer that encase the active component [ 24 ]. After solvent removal, the droplets 
are hardened and yield polymer microcapsules. Solvent removal takes place by 
either evaporation (i.e., heat, vacuum) or by extraction (introduction of a polymer 
precipitant, water and solvent miscible) [ 24 ]. Microcapsules formed by extraction 
were found to have greater porosity than those by evaporation [ 24 ]. A schematic 
illustration of the use of the solvent evaporation/solvent extraction technique in 
microsphere preparation showing the four principal process steps (i.e., incorpora-
tion of the bioactive compound, droplet formation, solvent removal, and micro-
sphere harvest and drying) is presented in Fig.  27.2  [ 12 ]. Different morphologies of 
poly ( D , L - lactide) [PDLLA] microspheres prepared by the solvent evaporation and 
solvent extraction are also shown in the photomicrographs of Fig.  27.3   [ 25 ].

     Coacervation/phase separation  , often used for gelatin and gelatin–acacia micro-
capsules along with cellulose and synthetic-based products, is another method pre-
sented [ 26 ]. These phase separation processes can be categorized as either simple 
or complex [ 26 ,  27 ]. Simple coacervation deals with a singular polymer (i.e., gela-
tin, ethyl cellulose) in either an aqueous or organic medium. The complex method 
includes a pair of polymers that are charged differently (e.g., gelatin and acacia) 
but are both soluble in the aqueous medium employed in the process. In either of 
these situations, coacervation takes place in a 40–50 °C prepared aqueous polymer 
solution where dispersion of the active material has already been completed. In 
order to avoid coagulation of the resulting microcapsules, a stabilizer may be 
added as well. Furthermore, a de-solvating/coacervating agent is slowly added, 
creating somewhat de-solvated polymeric molecules, precipitating on the core par-
ticles’ surface [ 26 ,  27 ]. 

  Spray drying is most often utilized in fragrance, oil, and fl avor encapsulation 
[ 28 ]. For this method, preparation of the emulsion is done so through core material 
dispersion (i.e., immiscible material like oil with water) in a concentrated wall com-
ponent solution [ 28 ]. The slurry is pumped into a revolving disk and is then trans-
ported to a spray drier where the produced emulsion is atomized into a mist. At this 
stage, evaporation of the emulsion’s water content is completed, leaving the dry, 
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  Fig. 27.3    Photomicrographs of PDLLA microspheres prepared by ( a ) solvent evaporation; ( b ) 
solvent extraction (Reprinted with permission from [ 25 ], copyright Elsevier)       

  Fig. 27.2    The four principal process steps in microsphere preparation by solvent extraction/evap-
oration (Reprinted with permission from [ 12 ], copyright Elsevier)       
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core encapsulations behind. Figure  27.4a  shows a schematic of the spray-drying 
technique for the microencapsulation process [ 27 ]. Figure  27.4b  shows a spray 
cooled particle [ 17 ], where the active ingredient crystals sticking out of the fat 
matrix are shown by the red arrows. Figure  27.4c  represents the photomicrographs 
of PDLLA microspheres which were prepared by  spray drying    [ 25 ].

   The  fl uidized bed coating   method is frequently used when solid core agents 
along with saturated porous materials require encapsulation; more often than not, 
this methodology is used for therapeutics. Once suspended in an air stream, the 
solid agents are then sprayed with the fl uidized coating material [ 29 ]. Shell solidifi -
cation takes place in a controlled environment either by cooling or solvent vaporiza-
tion. In order to obtain the desired shell thickness, this process can be repeated. 

 Using the  polymer precipitation   method, solidifying molten polymer drops or 
precipitating polymers can yield microcapsules that are biodegradable. Stirred with 
silicone oil, a drug dispersion added into molten polymer will create tiny polymer 
drug mixture droplets. After cooling, the hardened microcapsules are withdrawn 
from the oil. In other words, during the process of polymer precipitation, the aque-
ous polymeric solution and the drug are added dropwise into a stirred precipitating 
solution medium [ 30 ]. Precipitation takes place immediately to form the microcap-
sules which are now loaded with the drug. 

 In the  co-extrusion process  , two liquid streams of core and shell materials are 
pumped through concentric tubes, while being vibrated, thus forming drops [ 31 ]. 
Chemical cross-linking, cooling, or solvent evaporation is then preformed to harden 
the shell walls. 

 A  layer-by-layer deposition   technique is often utilized to create polyelectrolyte 
multilayers through the cyclic manner of sequential substrate immersion into oppo-
sitely charged polyelectrolyte solutions [ 32 ]. With cores of colloidal particles acting 
as a template for multilayer fabrication, core–shell particles can be created with the 
desired sizes and properties. Upon dissolving the core, hybrid particles, organic or 
inorganic, that are hollow can be acquired [ 33 ]. Utilizing this easy yet dynamic 
method, the properties can be tailored to any application by controlling the thick-
ness of the multilayer fi lm by varying the amount of total layers deposited. 

  Fig. 27.4    ( a ) Schematic of spray-drying technique for microencapsulation process (Adapted with 
permission from [ 27 ], copyright Wiley-VCH Verlag GmbH & Co. KGaA.). ( b ) A “spray cooled 
particle, the  red arrows  point to active ingredient crystals sticking out of the fat matrix” (Reprinted 
with permission from [ 17 ], copyright Elsevier). ( c ) “Photomicrographs of PDLLA microspheres” 
prepared by spray drying (Reprinted with permission from [ 25 ], copyright Elsevier)       
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 In the  supercritical fl uid technique  , the material which have the properties of 
liquids and gases, are highly compressed gases. Some of the supercritical fl uids 
include CO 2 , nitrous oxide (N 2 O), and alkanes (C 2  to C 4 ). With a low critical tem-
perature, low cost, availability, purity, nontoxicity, and nonfl ammable properties, 
supercritical CO 2  is used in many applications including polymer encapsulation of 
active agents [ 18 ]. By utilizing this technique, the following core materials have 
been encapsulated: vitamins, pharmaceutical ingredients, pesticides, fl avors, dyes, 
and pigments [ 27 ]. 

 For the  spinning disk technique  , a rotating disk is used to encapsulate core mate-
rials that have been suspended. A core particle and liquid shell suspension are 
loaded into a rotating disk, and via the spinning action [ 27 ], the liquid shell coats the 
core particles and is then cast to the disk’s edge by centrifugal force, with shell 
solidifi cation completed externally (typically via cooling). This process is consid-
ered as a quick, cheap, easy, and an effi cient process.  

27.3     Preparation of Smart Polymers 

 As previously mentioned, to prepare polymeric microparticles, amphiphilic (both 
hydrophilic and hydrophobic) polymer structures that are able to form core–shell 
microparticles should be synthesized. Herein, the most frequently used polymer 
synthesis reactions to obtain this amphiphilic structure are discussed. 

 Among the most popular of methods, emulsion polymerization can be used to 
 create   external stimuli polymers, specifi cally microgel and microparticle systems 
[ 34 ]. Latexes with tight particle size ranges can be obtained via radical chain polym-
erization. A combination of water, water-soluble initiator, monomer(s), and surfac-
tant (emulsifi er) is typically required for emulsion polymerization to be completed 
[ 35 ]. The stabilizing mechanisms exhibited by  colloidal stabilizers   can be electro-
static, steric, or electrosteric in nature [ 35 ,  36 ]. At phase separation, solid particle 
formation can occur either during pre- or post-termination [ 36 ]. 

 Mini-emulsion  polymerization   is a variation on this standard, where low molecu-
lar mass compounds act as a co-stabilizer and a high-shear device (e.g., ultrasound) 
is used [ 36 ,  37 ]. Such emulsions are defi ned by the following characteristics: pos-
sess an interfacial tension substantially larger than zero, are critically stabilized, and 
need high shearing in order to reach steady state [ 34 ,  35 ,  37 ]. 

 Katharina Landfester [ 38 ] described the preparation of well-structured poly-
meric  nanoparticles   for the encapsulation of solid or liquid, hydrophobic or hydro-
philic materials via the mini-emulsion process. Functionalized nanoparticles were 
easily obtained using this technique and can be considered environmentally friendly. 

  Controlled radical polymerization (CRP)   techniques enable control over the 
polymer architecture, which includes molecular weight distribution (polydisper-
sity), molecular weight, functionality, and composition [ 39 ]. The occurrence of 
 premature termination is minimized, and molecular weight proceeds linearly with 
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time until all of the monomer is consumed or intentionally terminated.  CRP   has 
branched into three fundamental techniques which are briefl y described below. 

  Atom transfer radical polymerization (ATRP)   is commonly known as an excel-
lent synthetic polymer process that yields predetermined and tight molecular weight 
bands along with a great amount of chain-end functionalities [ 40 ,  41 ]. As a robust 
controlled/living radical polymerization methodology,  ATRP   can provide control to 
many vinyl and acrylic monomer polymerization reactions in mild environments 
[ 42 – 44 ]. An alkyl halide acting as an initiator alongside a lower oxidation state 
transition metal (e.g., Cu) is the basis for the ATRP initiating system [ 42 ,  45 ]. The 
unprecedented control over molecular architecture afforded by ATRP enables prep-
aration of systematic polymer libraries. 

 Microparticle preparation requires  amphiphilic polymer   systems in order to form 
a core–shell material for encapsulation [ 46 ]. These amphiphilic polymer structures 
can be easily achieved by synthesizing block copolymers via ATRP. For example, 
self-assembling block copolymers with hydrophilic and hydrophobic segments, 
both in the solid state and in solution, can be prepared by ATRP to generate a variety 
of nanoscale structures. Recent studies on block copolymer self-assembly demon-
strated that nanoscale morphology is highly dependent on block chain length, chain 
length ratios, polydispersity index, and block composition [ 39 ]. Therefore, it is 
essential to precisely control the degree of polymerization of each segment in the 
block copolymer and achieve a narrow molecular weight distribution [ 47 ]. ATRP is 
a convenient technique for the preparation of block copolymers because the grow-
ing polymer chain contains a stable halogen terminated ω-end that can act as an 
initiator for chain extension. 

 Satturwar et al. [ 48 ] found that PEG and  t -butyl methacrylate, iso-butyl acrylate, 
 n -butyl acrylate, or propyl methacrylate can be used to form block copolymers via 
ATRP [ 48 ]. Hydrolysis of the   t -butyl groups   yielded micelles that were responsive 
to changes in pH. This ATRP-synthesized block copolymer created high candesar-
tan cilexetil (CDN) loadable micelles with pH-responsive drug release capabilities. 

   Reversible addition/fragmentation chain transfer ( RAFT  )    polymerization is a 
versatile means to impart living characteristics upon radical polymerization [ 49 ]. 
Combining the benefi ts of living and free-radical polymerization methods, living 
free-radical/controlled radical polymerization can produce well-defi ned macromol-
ecules [ 50 ]. Some of the benefi ts of RAFT polymerization reported in literature are 
as follows [ 51 – 53 ]: (I) polymerization control of most polymerizable monomers via 
radical polymerization, (II) the polymerization can be completed in an aqueous or 
protic medium while still being able to tolerate unprotected monomer/solvent func-
tionality, (III) compatible with the reaction environment, and (IV) simplistic execu-
tion and low cost compared to other technologies. 

 Ideally, when the reaction begins, initiation takes place for all chains with growth 
occurring at a steady rate until the living polymerization is completed; irreversible 
chain transfer and termination do not occur [ 54 ]. Should initiation surpass propagation, 
the molecular weight distribution will be tight, and monomer additions will extend 
the chain. Chains are not all active simultaneously in radical polymerization [ 51 ]. 
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RAFT best presents such attributes when mingling with reagents that cause 
propagating radicals to undergo reversible deactivation, where most living chains 
become dormant with the reaction conditions maintaining an active versus dormant 
chain rapid equilibrium [ 51 ,  55 ,  56 ]. In this environment, a linear trend of molecular 
weights and conversion can be observed, where there is a narrow molecular weight 
distribution and dormant chains prevail [ 56 ]. 

  RAFT   polymerization along with the careful selection of reagents and polymer-
ization conditions can create well-defi ned homo-gradient [ 57 ], diblock [ 5 ], triblock, 
and star polymers [ 58 ], in addition to complex architectures such as microgels and 
brushes [ 59 ]. Applications utilizing the RAFT methodology entail drug carriers, 
coatings, adhesive biomaterials, novel surfactants, membranes, electro-active com-
ponents, dispersants, and many more nanotech devices [ 51 ,  56 ]. 

 With protein modded customizable bioactivity via a RAFT agent, the ambient 
polymerization of a smart polymer−protein conjugates in an aqueous media yielded 
poly( N -isopropylacrylamide) conjugates and a model protein, as described by 
Priyadarsi et al. [ 60 ]. The result was a novel RAFT agent immobilized polymer−pro-
tein conjugation via the “R-group” methodology [ 60 ]. The isolation of the conjugate 
was due in part by the immobilized polymer’s responsive properties and the bioac-
tive environmental modulation.   

    Nitroxide-mediated polymerization (NMP)   stands out due to its simplicity: the 
polymerization is thermally initiated in the absence of an external radical source or a 
metal catalyst.  NMP   involves a combination of radical initiator, monomer, and 
nitroxide radical for trapping intermediate radical species [ 61 ]. For instance, the ther-
mally promoted homolysis of benzoyl peroxide produces radicals that are capable of 
initiating the polymerization of styrene monomers. Propagation proceeds to produce 
polymer chains, while reversible termination occurs, involving reactions with nitrox-
ide radicals to afford thermally labile alkoxyamines, mediating the availability of the 
reactive radical species and, thereby, providing control over the polymerization [ 61 ]. 
It is important to note that the stable nitroxide radicals are capable of reversible 
termination reactions but do not initiate polymerizations  . 

  Alkoxyamine’s isolation   proved to be an essential advancement with NMP, 
fi nally realizing that it could become a unimolecular agent, supplying the reactive, 
radical initiation, as well as the stable, mediating nitroxide radical [ 61 ]. Initially, 
nitroxides were employed as additives to reversibly terminate polymer chains initi-
ated by a separate radical source. By using 2,2,6,6-tetramethyl-1-piperidinyloxy 
(TEMPO) to trap a styrenyl radical initiated by benzoyl peroxide, Hawker [ 62 ] 
demonstrated an ability to tune the molecular weight, defi ne end groups, and extend 
block copolymers, all while maintaining narrow molecular weight distributions 
[ 62 ]. He later developed a universal initiator, which has had broad applications in 
laboratories around the world. 

 The synthesis of PEG-based block copolymers via the initiating monohydroxy- 
terminated  PEG reaction   with sodium hydride, proceeded by the chloromethyl- 
substituted alkoxyamine, was conducted [ 62 ]. Styrene’s nitroxide-mediated radical 
polymerization uses this PEG-based macro-initiator, yielding an amphiphilic block 
copolymer. 

F. Reyes-Ortega and M. Hosseini



587

   The term “click chemistry” is often used to describe a dynamic, modular 
technique used to combine two reactive components via a simple, fast, selective, 
predictable, and large yield reaction in mild conditions [ 63 ,  64 ]. This technique is 
becoming more frequently utilized in covalently cross-linking molecules, applied to 
many fi elds such as nanomaterial chemistry, chemical biology, drug delivery, and 
medicinal chemistry [ 65 ,  66 ]. By these characteristics, click chemistry is considered 
a “green chemistry” reaction. Recently popularized,  copper catalyzed alkyne–azide 
cycloaddition (CuAAC)   can be completed in many solvents like water, ethanol, 
or tert-butyl alcohol [ 64 ,  67 ,  68 ]. This advantage is due to its effi ciency when 
exposed to a physiological environment, chemo-selectivity, and allows for 
functional bimolecular labeling such as peptides, proteins, nucleic acids, and 
polysaccharides [ 64 ,  69 ]. 

 The high reliability of the  CuAAC reaction   provides a useful means of designing 
multifunctional nanocarriers, thus providing a schematic for therapeutic inventions 
[ 64 ,  68 ]. By testing this reaction in various environments, it has the potential to be 
implemented in synthetic architectures, where the components with various biologi-
cal functions are localized. Click chemistry is also used to create multifunctional 
smart nanocarriers [ 68 ] built upon dendrimers and miktoarm polymers [ 70 ]. 
Benefi ting from combined properties, these macromolecules can be led to certain 
cell organelles (i.e., mitochondria and lipid droplets). “Hyperbranched (dendrimers) 
architectures” and “branched (miktoarm stars)” are thought to be crucial in both 
medical and biological research, with click chemistry playing a key role in design 
implementation of multivalent and multifunctional nanocarriers   [ 64 ].  

27.4     Applications 

 Smart polymers are unique as the activation of their nonlinear response can be 
completed via a minute stimulus causing noticeable macroscopic changes in its 
architecture [ 71 ]. In the following sections, microencapsulated healing agents that 
respond to different external stimuli (i.e., mechanical, thermal, electrical, electro-
magnetic, or light stimuli), microencapsulation of phase-change materials, and 
microencapsulation of biologically responsive materials (i.e., drug, protein, 
enzymes, polysaccharides, cells, etc.) will be briefl y discussed. The most common 
stimuli-responsive polymers which have found applications in microencapsulation 
are also briefl y described. 

27.4.1     Microencapsulated Self-Healing Agents 

  Fast and effective execution   is paramount to reparative methodologies, essentially 
eliminating localized removal of a part for mending [ 72 ]. Smart materials can heal 
either intrinsically or extrinsically, via reversible bonds present within the matrix or 
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by a pre-added agent that responds to external stimulus, respectively [ 73 ]. Smart 
polymer microparticles ( SPM  )    provide a stable reservoir that can encapsulate a 
healing agent and achieve a highly effi cient repair system. SPM can be prepared 
using different synthesis methods, previously described, in order to get one or more 
external stimuli, such as mechanical, temperature, light, electrical, or magnetic 
fi eld. The most typical responsive stimuli are described below. 

  Delicate and brittle polymer   matrices can be strengthened by lightweight poly-
meric microcapsules. Offering room to load a reparative substance, polymeric micro-
capsules can be synthesized by the mini-emulsion polymerization technique, which 
deals with submicron oil-in-water dispersions of the polymeric components [ 72 ]. 

 Most of the  self-repairing composite   systems that have undergone investigation 
consist of a urea–formaldehyde polymer that surrounds the liquid agent (i.e., dicy-
clopentadiene), thus creating a microcapsule [ 72 ,  74 ]. The reaction between urea 
and formaldehyde in the water phase during the  in situ  polymerization process cre-
ates a low molecular weight prepolymer [ 72 ,  73 ]. As the prepolymer’s weight 
increases, it settles at the dicyclopentadiene–water interface, forming the microcap-
sule’s densely cross-linked shell [ 75 ]. When this shell is broken, the healing agent 
is released and the reparative process begins. 

 The  rigidity   of the microcapsule in comparison to its surrounding environment will 
dictate how the healing agent will be distributed [ 76 ]. The shell’s thickness is a critical 
design parameter that must be carefully considered. Should the shell’s thickness be 
too thick, rupture will never occur and vice versa, if too thin, premature release could 
occur in production or could leach out/diffuse over time. Overall system performance 
is determined by the capsule’s size, composite toughness, and amount of content fi lled 
within it. While some studies detailed that smaller systems displayed maximized 
strength at lower concentrations, others proved the converse, quite possibly due to the 
greater amount of available reparative matter [ 77 ]. 

 On top of this, the healing agent’s properties must also be studied. The healing 
kinetics, mechanical crack growth, and the relation between the two are of vital 
importance [ 78 ,  73 ].  Accelerated crack propagation   that outpaces the repairing 
polymerization process will result in partial or no healing. Conversely, fast curing of 
the agent when the dissolution of catalyst is delayed will isolate repairs near the 
catalyst particles, lowering the effi ciency of the healing process. 

 Healable  thermal stimuli-responsive material   can be prepared via Diels–Alder 
addition reaction. In order to impart the desired functionality, two carbon bonds 
from a cyclohexene ring, created via conjugation of a diene with a dienophile, can 
be manipulated. It should be noted that this cycloaddition reaction is completely 
thermally reversible. 

 Furan and cyclopentadiene are two types of  cyclic dienes  . If the polymer back-
bone has a dicyclopentadiene group incorporated into it, the resulting cross-linking 
creates a thermo-reversible polymeric system [ 79 ]. Researchers have also employed 
furan and maleimide groups as pendant diene and dienophile groups into the poly-
mer, thus synthesizing gels that possess thermally reversible properties [ 73 ,  80 ]. 

 Another example of a “thermally triggered self-healing material” has been 
described by Luo [ 81 ] who prepared a thermo-responsive self-repairing system by 
combining a high-heat epoxy resin with a thermoplastic polymer (poly([varepsilon]-
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caprolactone) (PCL)). At fi rst, the system is miscible, but as the epoxy cures, polym-
erization-induced phase separation (PIPS) takes place, creating morphologies that 
are compositionally dependent [ 81 ]. The behavior of heat-induced “ bleeding  ” was 
described as the spontaneous molten PCL wetting of all free surfaces [ 82 ]. Perhaps 
this is due to PCL’s volumetric thermal expansion beyond its melting point while in 
excess of epoxy brick expansion, which is also called “ differential expansive bleed-
ing (DEB)  ” [ 81 ,  82 ]. DEB could potentially be used to repair crack damage [ 82 ]. 

  Stress   that is applied in a continuous and/or cyclic manner creates and propa-
gates micro-cracks, causing mechanical component fatigue and electronic systems 
failure [ 83 ]. As such, researchers have begun to focus their efforts on the design of 
self- healing   electro-sensitive materials. 

 When  electrical stimulation   is applied, a polymeric matrix that has been com-
bined with these components will undergo resistive heating, which is very useful for 
self-healing systems [ 83 ]. These electrical response polymers act as self-healing 
systems when a constant electric fi eld is applied and heat is generated locally, only 
where the repair is needed. Initiation of the crack repair comes from the introduc-
tion of heat, returning the mechanical and electrical properties in the system previ-
ously possessed. 

 Many different and  benefi cial features   can be gained by materials being incorpo-
rated with conductive properties. Case in point, the structural integrity of a material 
could be determined in real time via electronic feedback mechanisms. Such technology 
could provide a means for the excruciating task of micro-crack detection and quanti-
fi cation, leading to materials that can store records of stress and loading [ 84 ]. 

 Future potential applications include the utilization of electric fi elds/currents 
for healing functionality (e.g., an “electrically driven self-healing” process) [ 83 ]. 
The obvious  advantage   being in new consumer electronics and the self-healing and 
conductive properties of these materials could also act as substitutes for sophisti-
cated backup systems utilized in high-risk scenarios (e.g., deep-sea, space travel). 

 The incorporation of  magnetic materials   into systems can be benefi cial, offering 
an option to use the electrical contacts of conductive materials by remote heating via 
electromagnetic induction [ 85 ]. Most frequently utilized in biomedical components, 
this heating technique requires the use of magnetic nanoparticles that heat upon the 
introduction of a high-frequency magnetic fi eld after they were injected into the 
desired location (i.e., solid tumor) [ 86 ]. Because of the nanoparticle magnetic 
moment’s vibration, the temperature of the cells increases; heat dissipation occurs 
by full magnetic particle rotation while in a fl uid, or the magnetic moment rotates 
within the core [ 86 ]. 

 Besides biomedical applications, magnetic and electric stimuli-responsive systems 
are desirable due to the ease of their control and potential for industrial growth. 
Suspensions of either of these particles are known as “ electrorheological   (ER)” 
or “magnetorheological (MR) fl uids” [ 87 ]. ER fl uids typically contain a dispersion 
of dielectric polarizable particles in an insulating medium [ 87 ], where MR fl uids are 
generally a dispersion of magnetizable particles in a carrier medium. Other sought 
after properties of these systems include precise control and fast response time, 
making them ideal for application in a wide range of fi elds like medical therapies, 
micro-fl uidic control, actuators, and seismic vibration dampers [ 87 ], to name a few. 
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 The  ionic interaction   will also achieve reversible cross-linking in polymeric 
systems. Ionomers consist of polymers made up of 15% ionic content and have been 
studied for their restorative cross-linking healing, thus recovering its mechanical 
strength [ 73 ]. Polymers of elevated ion content ultimately boost the system’s tensile 
strength and fracture resistance [ 88 ], supposedly from the internal ionic cluster 
formation that allows for  increasingly   effective ionic cross-links. 

  Cycloaddition reactions   can also be photoinitiated when irradiated, where either 
cyclization or cleavage occurs [ 73 ]. Often utilized in organic synthesis, photochem-
ical reactions have proven to be cheap, easily initiated, and an eco-friendly alterna-
tive to harsh reagents so as to begin chemical transformation [ 73 ]. When irradiated, 
a [2+2] cycloaddition reaction of olefi n compounds creates cyclobutane that when 
exposed to a short wavelength of light, the new covalent bonds are reversibly 
cleaved, yielding the original olefi ns. Reversible cross-linking is accomplished pho-
tolytically when a polymeric matrix has been combined with these photosensitive 
groups. Some examples of the components employed in photoreactions are butadi-
ene derivatives, maleimide, and coumarin [ 73 ]. 

 The constant replacement of metal parts with polymer matrix composites is 
ongoing in the  aerospace industry   due to the many benefi ts they impart over their 
precursors. Unfortunately, detection of composite damage is extremely hard as 
sub- laminate locations are formed, which cannot been seen without visual aid [ 89 ]. 
In response to this, 20 years of study have yielded the creation of self-healing poly-
meric microparticles [ 90 ]. The most typical self-healing microparticles used in 
aerospace applications are poly(urea/formaldehyde) [ 74 ], polyurethane [ 89 ],  and 
  silica gel [ 91 ]. 

 Lee et al. [ 92 ] was the fi rst to propose polymeric nanoparticles with self-healing 
capabilities with integrated computer simulations with micromechanics to show 
that multilayer composites that were incorporated with nanoparticles would net a 
self-healing product. These responsive composites actively repair damage and have 
the potential to do so multiple times as long as there are available nanoparticles 
within the matrix. This behavior is due to the stretching and compression of the 
polymer chains near the nanoparticles [ 93 ], led by the desire to reduce nanoparti-
cle–polymer interactions via nanoparticles segregated from the crack and pre-crack 
areas [ 94 ]. The study’s fi ndings  refl ect   the effectiveness of the nanoparticles when 
compared to their larger brethren as they diffuse more quickly [ 92 ].  Nanoparticles   
with a functionalized surface (i.e., ligands) are a prerequisite in creating self-healing 
system, as put forth by Glogowski et al. [ 95 ]. Figure  27.5  is a schematic illustrating 
the movement of nanoparticles during crack growth in thermoplastics [ 94 ].

27.4.2        Microencapsulation of Phase-Change Materials 

   By  exploiting   latent heat, phase-change materials ( PCM)   are able to store or release 
energy over a tight thermal range [ 96 – 99 ]. These materials can alter their state in 
this temperature range. Upon heating (i.e., where phase change occurs), PCMs can 
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absorb energy and then release it to the environment during a cooling process 
(i.e., reversal of the phase) [ 98 ,  99 ]. 

 PCMs also have an insulation effect that is dictated by both temperature and 
time, occurring solely during phase change (i.e., restricted thermal ranges), and 
ends upon completion of all PCM phase changes. As such, this results in temporary 
thermal insulation and is termed as dynamic thermal insulation [ 98 ]. Studies in heat 
transfer are currently evaluating the applicability of many potential applications that 
could benefi t from melting phase, changing materials in enclosures. 

 PCM microencapsulation boasts an increased heat transfer area, reduced PCM’s 
reactivity to external environmental conditions, as well as volume control and 
melted PCM leak prevention, while undergoing a phase change [ 100 ,  101 ]. 

  Fig. 27.5    Schematic diagram of nanoparticle movement during crack growth in thermoplastics 
(Reprinted with permission from [ 94 ], copyright Elsevier)       
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Fibers, foams, or fabric coatings are a few of the materials that could benefi t from 
the incorporation of PCM microcapsules [ 100 ]. In addition, they have higher 
chemical, thermal, and mechanical properties [ 101 ]. 

 For example, in the textile industry, the encapsulation of PCM has become note-
worthy in the last few years. Micro-PCMs, microcapsules incorporated with a tiny 
portion of PCM, were shown to substantially enhance cold climate clothing’s ther-
mally insulating properties [ 102 ]. Immediately localized, thermal response capa-
bilities were displayed in fabrics containing phase-change components, specifi cally 
changes in temperature in the body [ 102 ]. Energy is absorbed and stored in the liq-
uid phase-change components by the PCM microcapsules responding to a thermal 
event [ 102 ,  103 ]. As the temperature returns to normal levels, the stored energy is 
released by the microcapsules as they revert back to a solid state [ 102 ]. Figure  27.6  
shows the formation of the micro-PCMs based on a  n -octadecane core and 
resorcinol- modifi ed melamine–formaldehyde shell through  in situ  polymerization 
[ 104 ]. PCM microcapsules coated on the surface of a fabric and embedded within 
the fi ber are also shown in Fig.  27.7    [ 105 ].

  Fig. 27.6    Formation of the micro-PCMs based on  n -octadecane core and resorcinol-modifi ed 
melamine–formaldehyde shell through in situ polymerization (Reprinted with permission from 
[ 104 ], copyright, Elsevier)       

  Fig. 27.7    PCM microcapsules coated on the surface of fabric ( a ) and embedded within fi ber ( b ) 
(Reprinted with permission from [ 105 ], copyright Elsevier)       
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27.4.3         Microencapsulation of Biologically Responsive 
Materials 

  Pharmaceutical and biological therapeutics   are often limited by their short half- lives, 
poor bioavailability, as well as their erratic physical and chemical behavior [ 71 ]. 
Physical instability more often than not deals with a highly ordered protein structure 
that is altered which then causes denaturation, aggregation precipitation, or other 
unwanted changes [ 71 ]. The controlled deliveries of drugs that maintain stability 
and retain their biologically active structure are the hallmarks of stimuli- responsive 
smart/intelligent polymers [ 106 ]. Through the years, awareness of stimuli- 
responsive smart/intelligent polymers has proliferated, and many studies aim to 
create environmentally sensitive macromolecules that can be fashioned into new 
smart polymers [ 107 ]. 

  Drug carriers   that have a smart polymer foundation provide reduced frequency 
of dosing, simple preparation, increased therapeutic concentration allowing for sin-
gle dosing, prolonged release of the incorporated drug, reduced side effects, and 
improved stability [ 108 ]. Responses of a smart polymeric solution can be of various 
types. Responsiveness of a polymeric solution initiated by physical or chemical 
stimuli is limited to the destruction and formation of various secondary forces 
including Van der Waals forces, hydrophobic forces, hydrogen bonding, and elec-
trostatic interaction [ 3 ,  106 ]. Chemical events include simple reactions such as oxi-
dation, acid–base reaction, and reduction and hydrolysis of moieties attached to the 
polymer chain. In some cases, a dramatic conformational change in the polymeric 
structure occurs, such as the degradation of the  polymeric   structure due to irrevers-
ible bond breakage in response to an external stimulus. 

  Biologically responsive polymer   microparticles are increasingly important in vari-
ous biomedical applications. Bio-responsive polymers are classifi ed into antigen- 
responsive, glucose-sensitive, and enzyme-responsive polymers [ 2 ]. The most typical 
bio-responsive polymer is the glucose-sensitive system. 

  Glucose-responsive polymers   have the ability to mimic normal endogenous 
insulin secretion which minimizes diabetic complications and can release the bioac-
tive compound in a controlled manner [ 109 ]. These are sugar sensitive and show 
variability in response to the presence of glucose. Such systems have piqued the 
interest of researchers due to the wealth of possibilities they hold including glucose 
sensing and insulin delivery applications [ 107 ]. 

 The encapsulation of cells into polymeric microspheres or microcapsules has 
been shown to be effective in the encapsulation of cells, allowing for cell transplant 
in patients (human and animal) sans immunosuppressants [ 110 ,  111 ]. In order to 
provide the sustained release of drug (e.g., insulin), these cell-based therapies uti-
lize donor cells and exhibit great disease-treating potential [ 112 ]. The microencap-
sulation of cells, or immuno-isolation, is an exciting new topic within the fi eld, with 
alginate, a naturally occurring polymer in seaweed, receiving preferential treatment 
due to its  gelling ability   [ 111 ,  113 ]. While various natural polymers have the ten-
dency to gel in physiological conditions, obstacles such as non-repeatable batch 
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formation and undesirable residual components can prompt an immune response 
once implanted [ 111 ]. Although  synthetic materials   sidestep these problems, their 
toxic polymerization methods are undesirable in living tissue [ 111 ]. As this fi eld 
expands, researchers may well discover new techniques in the microencapsulation 
of cells into synthetic polymeric systems. Microencapsulation of cells is generally 
preferred for cell transplantation, while it can also be utilized in organ replacement 
and controlled drug delivery. Figure  27.8  is a schematic that represents cell micro-
encapsulation technique [ 114 ].

    Thermo-sensitive polymers   undergo abrupt changes in their solubility in response 
to a small change in temperature [ 71 ,  115 ]. Controlled drug release rate while main-
taining biological activity and physicochemical stability can be achieved via an aque-
ous, polymer solution that is thermally responsive to physiological conditions and 
displays reversible sol–gel transitions [ 71 ,  106 ]. This phenomenon is generally gov-
erned by the hydrophilic to lipophilic group ratio on the chain dictating said behavior 
and depends upon the free energy of mixing or the enthalpy or entropy of the system 
[ 106 ,  116 ]. Common features of temperature response polymers include the presence 
of a hydrophobic group. Of such groups, propyl, ethyl, and methyl can be mentioned 
[ 117 ]. These polymers possess two additional critical parameters: upper and lower 
critical solution temperatures (i.e., UCST and LCST, respectively). LCST is the 
temperature above which the polymeric monophasic system becomes hydrophobic 

  Fig. 27.8    A schematic representation of cell microencapsulation concept. “This technique consists 
of enclosing the biologically active material within a polymeric matrix surrounded by a semiper-
meable membrane that is designed to circumvent immune rejection. The capsule membrane allows 
the bi-directional diffusion of nutrients, oxygen and waste, and the secretion of the therapeutic 
product, but prevents immune cells and antibodies, which might destroy the enclosed cells, from 
entering the capsule” (Reprinted with permission from [ 114 ], copyright Elsevier)       
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and insoluble, leading to phase separation, whereas below the LCST, the polymers are 
soluble. In contrast to UCST systems, an LCST system is preferred for most drug 
delivery circumstances due to the need for high temperatures in UCST systems, which 
are unfavorable for heat-labile drugs and biomolecules [ 118 ]. Poly( N -isopropyl acryl-
amide), poly( N , N -diethylacrylamide), poly( N - vinylalkylamide), poly( N -vinylcapro-
lactam), phosphazene derivatives, pluronics, tetronics, polysaccharide derivatives, 
chitosan, and PLGA–PEG–PLGA triblock copolymers are among the most frequently 
employed thermally sensitive polymers with a desirable LCST [ 118 ]. Poly ( N -isopropyl 
acrylamide) is a thermo-sensitive polymer that exhibits a sharp LCST (32 °C) that can 
be shifted to body temperature through formulation with surfactants or additives [ 115 , 
 119 ]. These  polyme  rs exhibit unique characteristics with respect to the sharpness of 
their almost discontinuous transition [ 115 ]. 

 Polymers that react to environmental  pH changes   by accepting or releasing pro-
tons from their pendant moieties (acidic or basic in nature) are commonly known as 
pH-sensitive polymers. Polyelectrolytes are polymers that consist of a great amount 
of ionizable moieties. Polyelectrolytes are classifi ed into two types: weak polyacids 
and weak polybases. At lower pH values, the weak polyacids typically accept pro-
tons, while at higher and neutral pH values, they release protons [ 120 ,  121 ]. 
Poly(acrylic acid) (PAAc) and poly(methacrylic acid) (PMAAc) are examples of 
pH-responsive polyacids that have been commonly utilized [ 122 ]. The pendant 
acidic group undergoes ionization at a specifi c pH value known as the p K  a  upon 
changes in the environmental pH [ 123 ]. This quick change in net charge of the 
attached group causes an alteration in the molecular structure of the polymeric 
chain. pH-sensitive polymers containing a sulfonamide group are another example 
of polyacid polymers. These  polymers   have p K  a  values in the range of 3–11, and the 
hydrogen atom of the amide nitrogen is readily ionized to form polyacids [ 124 ]. 
Narrow pH range and good sensitivity are the major advantages of these polymers 
over carboxylic acid-based polymers. 

  Polybases bearing   an attached amino group are the most representative polybasic 
group. Poly( N , N -diethylaminoethyl methacrylate) (PDEAEMA) and poly( N , N - 
dimethylaminoethylmethacrylate) (PDMAEMA) are examples of widely used pH- 
responsive polymeric bases [ 39 ]. At higher pH values, the amino group is typically 
protonated and positively neutralized, while in lower pH environments, it is ion-
ized. PDEAEMA has a hypercoiled conformation due to the existence of longer 
hydrophobic groups (i.e., ethyl groups) that cause interactions that are strongly 
hydrophobic which then act as an aggregation force [ 39 ,  125 ]. The introduction of 
a stronger hydrophobic group provides a tighter conformation as well as a greater 
 discontinuous phase [ 125 ]. Chitosan is a polycationic biopolymer soluble in acidic 
solutions and undergoes phase separation at a pH range close to neutral through the 
deprotonation of the primary amino group by inorganic ions. Preparation of 
nanoparticles via ionic complex formation occurs through the electrostatic attrac-
tion between the ammonium group of the chitosan and an inorganic ion of the 
desired drug; as such, these systems can and are frequently used as drug carriers in 
 biomedical   applications [ 126 ]. 

 In other words, the critical parameter of the pH must be taken into consideration 
when designing for biomedical applications as the human body consists of many 
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localized  pH regions and gradients  . When experiencing a change in pH, protons can 
be released or gained via the ionizable moieties found in pH-sensitive polymeric 
systems. The formerly coiled chains will violently extend when the generated 
charges’ (anions or cations) electrostatic repulsions become ionized. The supple-
mental adjacent ionized groups’ electrostatic repulsion is partially to blame for ion-
izing the polyelectrolytes’ pendant acidic or basic moieties [ 124 ]. When polymeric 
systems containing weak acidic moieties experience an elevation in their environ-
ment’s pH, their swelling index has been shown to increase, the converse being true 
for systems with weak basic moieties [ 124 ]. 

 Upon the introduction of light, the response of a light-sensitive polymer is to com-
plete a phase transition. The major advantages of  light-sensitive polymers   are that 
they are water-soluble, biocompatible, and biodegradable [ 71 ]. This includes their 
capacity for instantaneous delivery of payload via stimulus, making light- responsive 
polymers important for various engineering and biomedical applications [ 127 ,  128 ]. 
Polymers which respond to light are tempting to researchers who wish to trigger drug 
release due to the control they would have over the release mechanism, both spatially 
and temporally [ 129 ,  130 ]. Therefore, the release or activation of an encapsulated 
drug can be activated after irradiation via external light source. Factors that slow the 
widespread implementation of light-sensitive polymers are their non-repeatable 
response caused by noncovalently bonded chromophores that leach during structural 
fl exing (i.e., swelling) as well as their  slow   response toward the stimulus [ 71 ]. 

 The  phase transition   of these systems can be triggered by either UV or visible 
light; in effect, it is determined by the light’s wavelength. More often than not, visi-
ble light-sensitive polymers are chosen due to their availability, safety, and simplic-
ity. Bis (4-dimethylamino) phenylmethyl leucocyanide, a leuco derivative that is 
found within polymeric gels, undergoes phase transition when exposed to UV light 
[ 71 ,  131 ]. Triphenylmethane–leuco derivatives dissociate into ion pairs such as that 
of triphenylmethyl cations upon UV irradiation. The discontinuous swelling of the 
hydrogels at steady thermal conditions was caused by osmotic pressure increasing as 
a reactionary measure to UV irradiation but contracted upon the removal of the 
stimulus [ 128 ,  132 ]. Internal gel increases of osmotic pressure were caused by the 
presence of cyanide ions created by UV irradiation [ 132 ,  133 ]. Encapsulation of 
proteins and other macromolecules can be achieved using the network structure of 
the hydrogel matrices. The relationship between the diffusion coeffi cients of proteins 
and their sizes using photo-responsive hydrogels (with adjustable mesh size via 
light) [ 134 ] and the release of hydrophobic drugs using cyclodextrin (CD) modifi ed 
dextran (Dex) hydrogels [ 135 ,  136 ] have been studied and reported. 

 As far as the encapsulation of small molecular substances is concerned, 
researchers have proposed using  controllable alteration/modifi cation   techniques 
(e.g., “UV-stimulated shell cross-linking” for decreasing the mesh size of the 
capsule’s shell) [ 130 ]. 

 It was also reported that “ intrinsically hydrophobic multilayers  ” with shells having 
smaller and less pores were favored for microencapsulation of small molecules [ 137 ]. 
Taking this into consideration, two types of the “diazoresin” (DAR) capsule systems 
have been proposed and reported (Fig.  27.9 ) [ 137 ].
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   When a polymer is able to physically alter its properties upon electric current stim-
ulation, it is said to be electric fi eld sensitive [ 71 ]. Along with also being pH- sensitive, 
these systems consist of a backbone with ionizable groups in great concentration, 
allowing them to convert electricity to mechanical energy, thus affording them a vast 
array of potential applications. These applications include controlled drug delivery 
[ 138 ], artifi cial muscle actuations, energy transductions, and sound dampening [ 139 ]. 
Their  pH sensitivity   comes from the electric current causing localized pH fl uctuations, 
leading to hydrogen bonding disruption between the chains, thus allowing the drug to 
be released as the chain bends or degrades. Naturally occurring polymers including 
alginate, chitosan, and hyaluronic acid are commonly utilized when preparing electro-
responsive materials [ 140 ]. Major synthetic polymers that have been used include 
allylamine, vinyl alcohol, acrylonitrile, methacrylic acid, and vinyl acrylic acid [ 141 , 
 142 ]. A blend of both natural and synthetic polymers has been utilized in some sce-
narios. When exposed to an electric fi eld, polymeric networks that exhibit anisotropic 
swelling or contraction (i.e., when charged ions navigate to the cathode or anode) are 
said to display electro-sensitive behavior and are classifi ed as polyelectrolytes 
[ 106 ,  107 ]. The  anode and adjoining areas   experience a large amount of stress, while 
the cathode and its surrounding area see small gains in the stress load [ 106 ]. This 
gradient plays a role in the deforming of the anisotropic gel when subjected to an 
electric fi eld. Electro-sensitive behavior in polymers that are neutral is predicated on 
the existence of a polarizable component that can react to an electric fi eld [ 106 ].   

27.5     Conclusion 

 A considerable amount of progress in the design of smart polymeric microparticles has 
been achieved. The fi eld of stimuli-responsive materials has allowed an improve-
ment in the materials’ properties and therefore in different industrial applications. 
Microparticles have distinguished themselves as a signifi cant piece of technology, 
fi nding novel applications along with a multitude of advantages like product quality 

  Fig. 27.9    Photolysis-induced small-molecule encapsulation in ( a ) Nafi on/DAR and ( b ) DAR 
single-component multilayer capsules (Reprinted with permission from [ 137 ] with permission 
from the American Chemical Society)       
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and stability. In order to be fully utilized in current and future applications, 
microparticles need increasingly more sophisticated components so as to ensure 
their success. With further advances in the synthesis of smart polymers, the creation 
of highly refi ned microparticles that exhibit enhanced performance capabilities will 
be possible. Autonomic delivery of active compounds (e.g., self-healing, vitamins, 
fl avors, bioactive, catalyst, etc.) using stimuli-responsive microcapsules would pro-
vide a great advancement in manufacturing processes. Currently, many obstacles 
remain in the creation of smart polymer microparticles, thus making this fi eld both 
highly exciting and rewarding.
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Chapter 28
Adhesion of Polymer Coatings: Principles 
and Evaluation

Irina J. Zvonkina

Abstract Adhesion of polymer coatings to a metal, polymer, or glass substrate is 

one of the main characteristics that affect the protective, decorative, and other prop-

erties of coatings. In different fields of applications, the challenges of protecting 

devices and constructions, while providing special functions, promote a growing 

interest in investigation and evaluation of coating adhesion. This leads to the devel-

opment of new approaches for its enhancement. Different mechanisms of adhesion, 

including chemical bonding and physical adsorption, mechanical interlocking, and 

others, are considered in this chapter. Adhesion is influenced by the nature of the 

polymer material and the substrate surface properties, film thickness, internal stress, 

as well as by the conditions of the coating application and service. The approaches to 

enhancement of adhesion of polymer coatings to a substrate are demonstrated in this 

chapter. For coatings with different functions, including novel intelligent coatings, 

a reliable evaluation of adhesion is one of the key factors that affect the strategies 

for its improvement and the coating’s overall performance. The chapter provides an 

overview of the approaches to the destructive and nondestructive characterization 

of adhesion, from the traditional methods that are common in research and industry 

to less common intelligent techniques. The main challenges, strengths, and weak-

nesses, related to evaluation of adhesion, are communicated in this chapter.

Keywords -

28.1  Introduction

Adhesion of polymer coatings to a metal, polymer, or glass substrates is a relevant 

characteristic that influences the protective, decorative, and other properties of coat-

ings. Adhesion is usually referred to as the interaction between atoms and molecules 

at the interface of two surfaces [1]. Adhesion can be also determined as a “…state 
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in which two surfaces are held together by interfacial forces…” [2]. The bonds that 

are responsible for the coating adhesion can be various in type, such as covalent, 

dipole-dipole, van der Waals, hydrogen bonds, or others, and can be characterized 

by a variety of the bonding energies [3]. The approximate ranges of the bonding 

energies for different types of the intermolecular interactions have been reported in 

the literature [3, 4].

In different fields of coating applications, the motivation of protecting devices 

and constructions, while providing special functions by the coatings, promotes a 

growing interest in investigation and evaluation of adhesion. De-adhesion results 

in coating defects that can lead to the damage of coatings, coated devices, auto-

motive parts, and others. For instance, corrosion failure or fouling degradation 

due to a weakened coating adhesion can destroy a large number of goods and can 

result in a significant economic loss [5]. The possibility to measure and to predict 

adhesion of functional coatings determines a longer life performance of coated 

materials and devices, leading to saving energy and natural resources, and con-

tributing to sustainability. This inspiration results in development of new 

approaches to the adhesion enhancement and promotes interest in creating new 

techniques for its evaluation. This chapter provides a concise overview of the 

main mechanisms of adhesion and factors affecting adhesion and shows strategies 

for its enhancement, as well as it demonstrates the techniques and approaches for 

the adhesion characterization. The discussed methods for adhesion characteriza-

tion are relevant for coatings with different functions, from the anticorrosion 

primers to smart responsive coatings, in research and their industrial applications 

of coatings.

28.2  Mechanisms of Adhesion of Polymer Coatings

3, 6–8]. The 

mechanisms can be related to the mechanical interlocking between the two adhering 

surfaces, chemical bonding at the interface, physical adsorption, electrostatic inter-

action, and others. The mechanism based on the mechanical interlocking takes into 

account the surface profile/roughness at the interface in the explanation of the adhe-

sion phenomenon (Fig. 28.1). According to this mechanism, the surfaces are con-

nected as a “hook and eye” [9]. Due to this, the higher the roughness, a better 

adhesion would be expected. Additionally, a higher roughness provides a larger 

surface area at the interface that affects stronger chemical and physical interactions 

between the two surfaces.

In many coating systems, an adhesion contact takes place due to adsorption and 

formation of the chemical or physical bonds at the interface between the coating and 

the substrate. According to these mechanisms, creation of the adhesion forces 

between the coating and the substrate is explained by the presence of the chemical 

or physical bonds, such as covalent, ionic, metallic, van der Waals, hydrogen, or 

other bonds. These interactions are affected by the functional groups on the sub-
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strate surface and within the coating material [8]. The mechanism of the adhesion 

contact based on the chemical bonding is schematically demonstrated in Fig. 28.2.

From the point of view of thermodynamics of an adhesion contact, the theoreti-

cal work of adhesion that holds two surfaces in an adhesion contact can be deter-

mined according to the equation as follows [10, 11]:

 WAm m m= + +g g g1 2 12  (28.1)

where WAm is the thermodynamic work of adhesion in the medium m; γ1m and γ2m 

are the specific surface free energies in the medium m of the coating (1) and the 

substrate (2), respectively; and γ12 is the specific free energy at the coating-substrate 

interface.

The static and dynamic interface layers that can be formed between two interact-

ing surfaces, related to the adhesion contacts on the molecular level, are considered 

in other documented sources [12–14].

Fig. 28.1
contact

Fig. 28.2
and the substrate, leading to the adhesion contact
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28.3  Factors Influencing Adhesion of Coatings

To succeed in solving the challenges of improving and evaluating adhesion of 

 polymer coatings to different substrates, it is of relevance to consider the driving 

forces and the factors that affect the adhesion strength. Main factors that influence 

adhesion are related to the chemical structure and composition of the polymer coat-

ings, the substrate surface properties, coating thickness, mechanical properties and 

internal stresses, as well as temperature, humidity, and other environmental condi-

tions during the application and service of the coatings.

The nature of a polymer coating material and the chemical structure of the sub-

strate are responsible for the interfacial energy that affects the adhesion contact 

between the coating and the substrate surfaces. The structures of the coating and of 

the substrate materials determine the potential for the buildup of chemical and/or 

physical bonds at the interface, as well as the type and strength of such bonds that 

influence the adhesion forces. In terms of thermodynamics, as it follows from the 

equation above [Eq. (28.1)], the thermodynamic work of adhesion depends on the 

surface free energy of the coating and the substrate in a particular medium.

The chemical composition of the bulk polymer material of the coating, as well as 

that of the substrate, determine the cohesive forces inside the coating and the sub-

strate materials [14]. The surface properties at the interface between the two inter-

acting surfaces affect the adhesion forces [14–16]. Interplay between the cohesive 

and adhesive forces affects the adhesion strength. The quality of an adhesion inter-

action between two surfaces is both a battle and a compromise between the cohesive 

forces inside the coating polymer material, as well as inside the substrate, and the  

adhesion forces that attract the two surfaces to each other.

The intermolecular forces, identified as dispersive, polar, or hydrogen bond 

based, affect the surface energy of the material. These forces can be estimated 

based on the solubility parameters using several known techniques. The most com-

mon methods include evaluation of the refraction constants, dipole moments, and 

others [17]. The analysis of the adhesion bonds in two-layer polymer coating sys-

tems considering the acid-base interactions between the layers has been shown 

[12]. The authors demonstrate the effect of the polymer chain interactions at the 

transition interface layer, taking into account the steric structural effect and the 

interactions between the acid and the base functionalities of the polymer chains. 

-

ness on wetting and on the joint strength [15]. Due to an increased roughness and 

redistribution of stress, a higher surface area and a higher energy of selected atoms 

within the surface asperities are considered. The factors that are discussed in this 

study contribute to the mechanical interlocking, chemical bonding, and physical 

adsorption mechanisms of adhesion. They affect thermodynamics at the interface 

and influence the selection of the routes for enhancement of adhesion of a polymer 

coating to a substrate [15].

The thickness of a polymer coating is a characteristic that contributes to the ratio 

between the cohesion and the adhesion forces at the coating-substrate interface, the 
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mechanical properties, and other factors, also affecting adhesion of said coatings. 

With increasing thickness of the coating at a certain range, the impact of the bulk 

polymer properties becomes stronger than the impact of the surface characteristics 

at the interface between the coating and the substrate, which determines the adhe-

sion forces. The effect of thickness on the adhesion strength has been previously 

demonstrated [18, 19].

The internal stresses that can be enhanced during coating formation or service 

can decrease the adhesive forces. During the coating formation, the volume of the 

coating decreases as solvent evaporates and/or changes in the chemical composition 

alongside the structure take place. The area at the interface with the substrate, how-

ever, remains constant. This causes development of internal stresses at the plane of 

the coating-substrate interface. If the internal stress exceeds some certain value, it 

becomes sufficient enough to overcome the work of adhesion at the interface 

between the coating and the substrate to cause a failure of adhesion of the coating 

[19]. A correlation between the mechanical properties, particularly the elasticity 

and the storage modulus, of a polymer coating that are affected by the coating com-

position and the adhesion strength of the coating is discussed in several works [20–

22]. Most of the studies report an improvement of the adhesion strength of polymer 

coatings with increasing elasticity of the coatings. An approach to tune adhesion of 

coatings considering the effect of the content and the functionality of the reactive 

diluents in UV-curable coating compositions on the coating adhesion was demon-

strated in the study [21a]. The discussions on the relationships between adhesion, 

the rheological behavior, the glass transition temperature of the UV-curable materi-

als and the polymer coatings, and the mechanical properties of the coatings can be 

found in this work [21].

During application and use of polymer coatings, one should consider the effect 

of the environmental conditions on adhesion. With raising temperature, the adhesive 

forces usually grow due to increasing mobility of the polymer chains. The effect of 

the relative humidity on the adhesion strength of polymer coatings to various sub-

strates is demonstrated in several publications [23–25]. Quon et al. [25] studied 

hydrophobic n-octadecanethiol or hydrophilic 1-hydroxylunicosanethiol self- 

assembling monolayers applied on rough surfaces of mica or gold film. The reported 

results indicate an enhancement of adhesion in humid environmental conditions, 

referring to the capillary forces, taking into account the wettability of the surfaces.

28.4  Strategies for Enhancement of Adhesion of Polymer 
Coatings

Considering the relevance of adhesion for the performance of functional polymer 

coatings, a number of efforts have been undertaken in order to enhance the adhesion 

interaction between the coatings and the substrates. Taking into account different 

mechanisms of the coating adhesion, methods for enhancement of adhesion are 
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based mainly on modification of the chemical composition of the coating materials 

and of the substrate surface properties, including alterations of the surface profile 

and of the chemical composition at the surface.

The strategies related to alterations of the chemical composition and the structure 

of the coating material or changes in the properties of the substrate surface are 

mostly aimed in increasing the amount of functional groups. This creates stronger 

chemical and physical bonds between the coating and the substrate at the interface 

or would or results in decreasing the surface tension at the interface. Enhancement 

of the functionality can be achieved by incorporation of special additives, known as 

adhesion promoters, in the coating composition [26], or by a treatment of the sub-

strate surface [27]. Depending on the nature of the coating material and the sub-

strate, different adhesion promoters can be applied. The most common additives 

serving for improvement of adhesion are organosilanes, silicones, siloxanes, amide 

and amine, organophosphorus compounds, or other coupling agents [26, 28–32]. 

Adhesion of UV-curable coatings based on polyurethane oligomers, as well as the 

coating mechanical properties, can be modified by altering the composition of the 

acrylic reactive diluents [21]. This approach demonstrates a possibility to tune the 

properties of the coatings without changing the chemical structure of the oligomers, 

thus maintaining its advantages and functions.

27]. 

The substrate surface can be modified chemically, using plasma treatment, flame, 

fluorinated gas, and corona discharge, with application of laser or using other tech-

niques in order to enhance adhesion [33–38]. Most of the existing methods for the 

surface modification of metal, polymer, or glass substrates have been applied in 

industry. Additionally, the surface treatment may implement application of the 

cathodic post-curing current to the coatings, as an alternative approach [39]. The 

motivation for bio-inspired approaches imitating the adhesion of gecko or of spider 

silk has resulted in several studies and development of intelligent surfaces with 

controlled adhesion properties [40–42].

28.5  Techniques for Characterization of the Coating 
Adhesion

A number of techniques for the evaluation of adhesion from the traditional destruc-

tive adhesion tests up to smart nondestructive methods have been developed. The 

existing techniques based on different principles of approaching adhesion evalua-

tion are discussed below. An adhesion test is expected to provide a reliable and 

reproducible quantitative result, relevant for a specific field of applications, easy to 

carry out and to interpret, as well as, ideally, being nondestructive. Considering the 

requirements for an adhesion test, development of such method that would satisfy 

all the expectations still remains a challenge.
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28.5.1  Destructive Methods for the Evaluation of the Coating 
Adhesion

One of the most common methods for the adhesion evaluation that is widely applied 

in industry and research is the crosshatch adhesion test [43–45]. It consists of the 

preparation of a series of parallel cuts at the coating surface crossing each other, 

attaching a pressure-sensitive adhesive tape of a certain type and pulling it off with 

a constant force. The adhesion is evaluated afterward by the area of the coating left 

attached to the substrate. The standard crosshatch characterization is currently per-

46]. One should note, however, 

that the accuracy of the results of this test may depend on the peel angle and peel 

rate and on the contribution of the applied energy to the coating deformation rather 

than to the coating fracture [43, 44]. Besides its limitations, mainly related to its 

semiquantitative approach since it usually does not take into account a measured 

characteristic, this test is fast and easy to perform and it is commonly used in appli-

cations of coatings [43]. A modification of the traditional peel test implementing a 

thin elastomeric membrane led to the development of a novel axisymmetric test 

[47]. A method for an automatic characterization of adhesion based on the blister 

test [48, 49] has been reported [50]. The authors point out several advantages of the 

test, such as a relatively small angle and low separation rates that do not affect the 

deformation of the sample. The engineering evaluation of the test conditions that 

enhances the accuracy of the test is provided by the authors [50].

The pull-off test is based on the measurement of the normal force necessary to 

separate a metal stub of a constant weight and specific geometry glued to the surface 

(Fig. 28.3). The pull-off test has its advantages due to its potential to provide a quan-

titative characteristic of the separating force [9]. However, it requires the application 

of an adhesive material to the coating surface that may affect the measured adhesion 

Fig. 28.3 A scheme of the pull-off test for the evaluation of adhesion of coatings
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variations in the adhesion strength at the interface between the coating and the metal 

stub surfaces may appear as well when applying this technique.

For the evaluation of adhesion of thin films, scratch tests are commonly used. 

Bull and Berasetegui provide an overview of the techniques related to the scratch 

testing [51]. These methods are considered as semiquantitative, and they are affected 

by several factors that decrease the accuracy of the tests. The scratch testing how-

ever has been useful in the tasks of the development of hard thin coatings and in the 

coating quality control [48]. The application of atomic force microscopy (AFM) in 

the scratching tests for the determination of the adhesion strength has been fruitful 

in several applications [52]. For the evaluation of adhesion of the protective poly-

mer coatings, an alternative method based on electrical impedance spectroscopy 

adhesion defects that would potentially lead to a corrosion failure [24, 53–55].

developed. They involve the measurement of the force per unit area necessary to 

detach the coating from the substrate, evaluation of the coated surface after detach-

ing the coating with a constant force, and characterization of the forces between the 

coating and substrate surfaces at the interface.

28.5.2  Nondestructive Methods of the Characterization 
of Adhesion

The nondestructive techniques for the evaluation of adhesion are beneficial for their 

potential in assessing and predicting adhesion during the service of the coatings, 

without degrading the coating material. The commonly used destructive methods 

for the evaluation of adhesion are relatively fast, easy to perform, and serve well in 

the tasks of development of new materials for coatings. However, a possibility to 

measure and predict adhesion without destroying the coating material in vivo during 

coating use is of high value. A capability to “look through” a coating to the interface 

with the substrate, in order to detect adhesion defects, creates a significant number 

of benefits in industrial applications of coatings, as well as it helps solving the chal-

lenges of the applied research. It can prolong the coating’s service life, improve the 

protection of the coated surfaces, and contribute to the overall sustainability, while 

also taking into account the value of saving natural resources.

The existing techniques for the evaluation of adhesion of coatings include the 

application of ultrasonic microscopy analysis, infrared (IR) spectroscopy and ther-

mal imaging methods, X-ray radiography, shearography, and several methods for 

characterization of adhesion on micro- and nanoscales. The existing approaches vary 

in accuracy, effectiveness, complexity of performing the measurements, duration of 

the measurements, and overall cost, while also considering the cost of the equipment 

[56, 57

related to application of acoustic wave microscopy and ultrasonic analysis [55]. The 
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ultrasonic analysis approach is based on a difference in the ultrasonic signal intensity 

in different media and has been used in a range of tasks and materials in nondestruc-

tive material testing [58–62]. The principle scheme of this technique is demonstrated 

in Fig. 28.4. The measurements can be performed in several modes. In the contact 

mode, a sensor is attached directly to the analyzed surface. The noncontact methods 

implemented used to obtain the necessary measurements are performed with air cou-

pling, immersion in water (water coupling), or in other media, applying a flow of 

water at the surface without immersing the analyzed sample or using a laser-stimu-

lated technique [63]. The emitter applied for the analysis can serve simultaneously 

as the sensor or both the emitter and the sensor can be implemented separately [63]. 

Although ultrasonic evaluation has been applied in a number of tasks for qualitative 

characterization, the weak point of the method is its difficulty in performing the 

quantitative analysis of adhesion defects.

Czarnecki and coauthors [64] have demonstrated the application of ultrasonic 

analysis for the evaluation of the adhesion of polymer composite coatings applied 

on a concrete surface [64]. The results obtained by the developed technique were 

compared to the data measured by the traditional pull-off adhesion test and demon-

strated a good correlation [64]. The application of the scanning acoustic microscopy 

related to the growth of blisters, propagation of the defects inside the polymer coat-

ings, and disbonding at the polymer coating-metal substrate interface were demon-

strated [65–67]. An alternative noncontact method for the measurement of adhesion 

was also proposed [68].

The techniques based on the infrared spectroscopy, including general thermal 

imaging methods [69], vibro-thermography [70], eddy current thermography [71], 

and thermal systems [72], have been widely used in the noncontact analysis of the 

composite materials in different industrial technologies, such as civil engineering, 

transportation, wind power, and electronics, as well as for materials used in the avia-

tion industry [73–76]. An application of the transient active thermography for the 

nondestructive evaluation of the adhesion defects, as a part of the nondestructive 

material defect characterization, applied in manufacturing of wind turbine blades, 

Fig. 28.4 A principle scheme of the nondestructive ultrasonic testing of the coating adhesion
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has been demonstrated [77]. The authors point out several advantages of application 

of thermography as a tool for the industrial noninvasive analysis. It is easy to per-

form; the technique can be applied for the evaluation of large areas in a relatively 

short time [77]. When applying this method, however, one should take into account 

its limitations, such as difficulty to analyze the dimensions and the nature of the 

defects, as well as the presence of a heat flow distortion inside the analyzed 

material.

Other techniques, such as X-ray radiography and shearography, have been 

applied in the nondestructive evaluation of the adhesive contacts [63]. X-ray radiog-

raphy evaluation is based on the difference in absorption of X-rays in media with 

different densities. This technique is capable of a relatively fine determination of the 

adhesive defects. However, its drawbacks are associated with high costs of the mea-

surements mainly due to the implementation of expensive devices and long test 

duration. In contrast to the X-ray radiography, shearography analysis can be per-

formed in a short time period [78]. It can be easily automated and applied to large 

analyzed areas [63, 79]. It is less applicable, however, in the detection of smaller 

defects [63]. Both the X-ray radiography and the shearography analyses of adhesive 

contacts are commonly applied in the aviation industry, especially for the adhesion 

evaluation of polymer adhesives at metal and composite joints. The results of com-

parison of the ultrasonic, X-ray, thermography, and shearography nondestructive 

techniques applied in the analysis of the delamination defects of the materials used 

for wind turbine blades have been demonstrated [80]. The applications of acoustic 

wave microscopy and spallation microscopy for the nondestructive characterization 

of the coating adhesion have been reported as well [81–83]. An approach and a 

device for the nondestructive evaluation of the adhesion of polymer coatings on 

nano- and microscales based on the Johnson-Kendall-Roberts (JKR) theory of the 

contact mechanics have been demonstrated in several publications [84–87]. This 

intelligent technique has been especially fruitful in the tasks of the direct determina-

tion of the work of adhesion, as well as of the surface free energy.

28.6  Conclusion

Adhesion is an essential characteristic of polymer coatings that affects their overall 

mechanical interlocking, as well as thermodynamics at the interface, are summa-

rized in this chapter. The factors that affect adhesion include the chemical composi-

tion of the substrate, coating thickness, mechanical properties, as well as coating 

service conditions, are discussed. The evaluation of adhesion is one of the key fac-

tors for improving the performance of the polymer coatings. Due to a growing inter-

est in the creation of novel smart coatings, serving as intelligent protection and 

providing other special functions, as well as a capability to act “on demand,” 

enhanced control of the coating adhesion is highly relevant. The growing functions 

and fields of applications of polymer coatings have motivated development of a 
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number of destructive and nondestructive techniques for adhesion testing. An over-

view of the existing methods for adhesion evaluation is provided in this chapter. 

Despite the variety of the destructive tests and their benefits in being relatively fast 

to perform and generally less expensive, development of new intelligent techniques 

that allow for the evaluation of coatings during their service life is highly welcome 

in research and industrial applications of coatings. These nondestructive techniques 

bring advantages in the adhesion characterization providing a possibility for the 

control of the coating performance in vivo. In addition to the existing methods, 

development of new sophisticated techniques for the evaluation of adhesion of vari-

ous polymer coatings is of interest in materials science and technology and in indus-

trial applications of the materials and coatings.
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Chapter 29
Smart Polymer Nanoparticles for High- 
Performance Water-Based Coatings

José Paulo S. Farinha, Susana Piçarra, Carlos Baleizão, and J.M.G. Martinho

Abstract The increasing pressure to reduce the use of volatile organic compounds 

(VOCs) within the coatings industry has led to the development of waterborne sys-

tems. Water-dispersed polymer nanoparticles (i.e., latex) have been successfully 

used to this end, but the resulting films usually present less strength, hardness, and 

resistance to chemicals than solvent-borne coatings. A method to enhance the prop-

erties of these films is through chemical polymer chain cross-linking when the film 

is formed. This approach requires a careful balance of the cross-linking reaction rate 

and the polymer diffusion rate across the initial nanoparticle boundaries, and it has 

been extensively studied and used in industrial coatings. Herein, waterborne coat-

ings based on reactive polymer nanoparticles and the first attempts to use “smart” 

polymer nanoparticles where the cross-linking is triggered by a stimulus which 

occurs after the desired extent of interdiffusion are reviewed. Different types of 

cross-linking that have the potential to be used in smart waterborne coatings, involv-

ing functional groups such as alkoxysilanes, carboxylic acids, carbodiimide, aziri-

dine, isocyanates, and polyols, where the trigger can be a change in pH, temperature, 

or water content, are also discussed.
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dispersions

*

e-mail: farinha@tecnico.ulisboa.pt 

 

mailto:farinha@tecnico.ulisboa.pt


29.1  Introduction

Driven by environmental concerns, the coatings industry has moved from solvent- 

borne coatings toward waterborne coatings, in order to reduce volatile organic com-

pound (VOC) releases, as forced by environmental concerns. Coatings based on 

aqueous dispersions of polymer nanoparticles (latex coatings) were found to be a good 

alternative to solvent-borne coatings, although generally with inferior performance 

essentially due to subpar properties such as strength, hardness, and solvent resisting 

latex dispersions containing large polymer chains, when the length over which the 

chains diffuse is comparable to their radius of gyration, resulting in interfacial healing 

between adjacent polymeric nanoparticles [1, 2]. However, the diffusion of large poly-

mer chains is slow, requiring the use of VOCs to achieve reasonable film formation 

times. Alternatively, interparticle healing can be achieved by incorporating reactive 

groups in the nanoparticles, so that upon contact between the nanoparticles, the reac-

tive groups form cross-links across adjacent particles. This approach has been used to 

improve the performance of zero VOC coatings in thermoset latex coatings.

The different stages involved in the formation of a polymer film from a water disper-

29.1 [3, ]. After water evapo-

ration, film drying leads to a densely close-packed arrangement of the polymer particles 

forces, which occurs if the film is above the “minimum film formation temperature” 

Fig. 29.1
from a water dispersion of 

polymer nanoparticles
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(near the polymer’s glass transition temperature, Tg, in the presence of water), to yield 

transparent void-free films still have weak interfaces between the particles, which are 

strengthened by polymer chain diffusion among adjacent particles. Diffusion occurs at 

temperatures above the Tg of the polymer, until complete healing of the interface by 

interdiffusion of the polymer chains and formation of entanglements across the inter-

entanglements formed between particles determines how strong the interface is.

Thermoplastic latex films without chemical cross-links usually show poor perfor-

mance since the interfaces generated during healing are relatively sharp due to the 

slow diffusion of polymer chains with molecular weight above the entanglement 

molecular weight. This has driven many efforts to develop high-performance ther-

moset latex films by cross-linking the polymer chains during the healing of the 

interfaces. This process must be fully controlled since cross-linking retards and even 

stops polymer diffusion. Thus, a fine balance between polymer interdiffusion and the 

rate of cross-linking is required to optimize the film’s mechanical properties [5]. 

dispersion, should not produce VOCs, and the final film must have a performance com-

parable to that of organic solvent-based coatings.

29.1.1  Theory of Polymer Diffusion and Cross-Linking

The mechanical strength and toughness of a latex film (its ability to store and dis-

sipate energy during deformation) is strongly influenced by the formation of entan-

glements across the interface during healing. However, it was shown that these 

properties can be further improved if the chains are anchored at opposite sides of the 

initial interface by cross-links created during polymer interdiffusion [6].

A theoretical model for diffusion and cross-linking within polymer films was 

, 8] to explain the coupling between diffusion and reac-

tion, as well as the influence of long-chain branches and cross-linking on the prop-

erties of thermoset latex films. The model defines three main regimes [

regime, the cross-linking reactions are much slower than polymer interdiffusion, 

leading to complete interfacial healing prior to significant gel development, with the 

properties of the resulting film being similar to those of the bulk material. The 

second regime is defined by comparable rates of reaction and interdiffusion, yield-

ing a nonequilibrium interface in which a considerable amount of cross-links are 

developed during polymer diffusion and the mean chain length between cross-links 

spans the interface. The third and final regime corresponds to the case where the 

reaction outpaces diffusion, so that the polymer chains are trapped inside their 

entirely caused by the dangling polymer chain ends that diffuse upon completion of 

the reaction, a situation akin to that of films created from pre-cross-linked latex 

nanoparticles that show very poor mechanical properties [ ].
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The model considers a linear monodispersed statistical copolymer composed of 

two blocks, A and A*, with a total number of monomers, N, higher than the critical 

number of monomers for entanglements, Ne. Each polymer chain contains one of its 

A* sites functionalized with a small group X that can react upon encountering any 

of the A* sites of another polymer chain to form a cross-link, with each chain form-

ing a single cross-link (considered enough to stop the diffusion and immobilize the 

involved chains). A nondimensional parameter α is defined as the ratio of two char-

acteristic times: the diffusion time, Tdiff, and the reaction time, Treac:

 

a =
T

T
diff

reac  

(29.1)

The diffusion time, Tdiff

reputation [9, ] as the time needed for a chain to diffuse out of its original confin-

ing tube:

 

T T
N

Ndiff rep
e

= =t 0

3

 

(29.2)

where τ  is the relaxation time of one monomer.

The reaction time, Treac, is defined as the time for one cross-link to form in each 

chain and can be expressed in terms of the rate constant of the cross-linking reac-

tion, k, the number of monomers between cross-links, Nc, and the number of A* 

sites not bearing the functional group, A *:
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(29.3)

When the cross-linking density is low, N Nc @ , and α is given by

 
a = kA Trep0

*

 

This means that α is the number of cross-links that a given chain forms in each dis-

placement from the confining tube. This is a virtual number because the model 

assumes that each chain can only make a single cross-linking. The parameter a  can 

also be understood as the number of cross-links that a given chain would form, if it 

were able to react an infinite number of times.

Values of a 1 define the fast-reaction regime in which reaction is much faster 

than interdiffusion, and hence all chains are fixed by cross-links before diffusing 

due entirely to pullout of the dangling chain ends that cross the interface. A cross-

over occurs at a =1 a 1), 

the cross-linking reaction is much slower than interdiffusion, and consequently the 

interface heals before significant cross-links are formed, thus becoming similar to 

the bulk network.
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The adhesion energy of a polymer film depends mainly on the polymer chain 

in the slow-reaction regime (a 1), and the adhesion energy is independent of chain 

fracture can only occur by scission of the chain. With the increase of chain length, the 

crossover (a =1) is reached, and within the fast-reaction regime (a 1), the adhe-

sion energy decreases, first with a smaller slope up to a2

2= ( )N Nc/  and then faster, 

toward zero adhesion energy. These two sub-regimes are characterized by a minute 

crossing the interface is still large enough to ensure that fracture can only occur by 

fracture occurs mainly by pullout of the chain ends. As the energy to break a bond is 

around two orders of magnitude higher than the energy to extract a chain end from the 

network, the slopes change accordingly. The most interesting regime for waterborne 

latex films is the slow-reaction regime where adhesion attains its highest value.

29.1.2  Measuring Polymer Diffusion During Film Formation

latex films. Hahn [11, 12 -

tigate the relationship between polymer interdiffusion and film tensile strength [13, 

minute portion (<1 % mol) of fluorescent dyes (an energy donor and an acceptor). 

15– ] and further developed and 

used by Winnik for latex film formation investigations [18– ]. The dyes necessary 

-

merizing the corresponding comonomer derivatives containing groups such as acry-

late, methacrylate, or vinyl.

used in progressively more complex geometries [21–23] and dye distributions 

[ –26], allowing the experimental evaluation of complex nanostructured materials 

[

study of the effect of temperature [28], composition [29], moisture [ ], coalescing 

aids [ , 31–33], polar groups at the particle surface [ , 35], and the presence of 

filler particles [36–39] on latex film formation.

the emission spectrum of the first overlaps the absorption of the second and the dyes 

are in close proximity (typically a few nanometers), altering both the fluorescence 

emission spectra and the fluorescence decay of the dyes. The typical length scale of 

to avoid the interference by capillary waves at the interface.
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labeled latex particles, where the dyes are chosen so that the fluorescence spectrum 

of the donor overlaps the absorption spectrum of the acceptor [ , ]. Due to their 

extremely low molar fractions, the dyes act merely as tracers for the polymer loca-

tion, so that the distribution of the dyes mimes the distribution of the polymer chains 

in the material. These experiments can thus provide detailed information on the 

distribution of the labeled polymer components and the morphology of the nano-

structure [

measurements can be used to evaluate the extent of mixing during the formation of 

-

mer diffusion across the interface between particles, thus mixing donor- and 

acceptor- labeled polymer chains, and consequently increasing the efficiency of 

energy transfer.

To quantify the extent of polymer diffusion during the film formation process, 

one usually measures the donor fluorescence decay curve, IDA(t) [ ]. At this point, 

thorough characterization of the film morphology is desired, the donor fluorescence 

-

parative approach is needed, a simpler strategy utilizing the quantum efficiency of 

energy transfer ΦET(tdiff) can be used to estimate the evolution of interdiffusion dur-

ing film formation:

 

FET diff
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D

t

I t dt

I t dt
( ) = -

( )

( )

¥

¥

ò

ò
1 0

0  

(29.5)

where the integrals correspond to the areas beneath the donor decay curve for a latex 

film cast from a mixture of donor- and acceptor-labeled particles, IDA(t), and of a 

film cast from only donor-labeled particles, ID(t

[

absorb the excitation light, because the donor decay is invariant to the presence or 

analysis (and not the intensity), the films with only donors or mixtures of donors and 

acceptors do not need to have exactly the same optical density. Additionally, geo-

metric effects that are important in steady-state fluorescence measurements do not 

affect the decay curves, and light scattering can be easily accounted for.

The evolution of the extent of mixing in the annealing process of latex films can 

be approximated by the increasing quantum efficiency of energy transfer, normal-

ized against measurements obtained for pre-annealed (tdiff

(tdiff = ∞) [ , 25]:
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Determination of a fully mixed film’s quantum efficiency of energy transfer 

(corresponding to tdiff = ∞) is done through film casting from a suitable solvent for the 

mixing is not experimentally accessible, it is necessary to estimate this value [39].

The result of Eq. (29.6) provides a decent approximation of the realistic extent of 

-

ologies must be undertaken if a more precise extent of mixing estimation is desired, 

by taking into account the morphology of the evolving interparticle boundary during 

film formation [ , 25].

29.2  Reactive Cross-Linking Strategies

High-performance coatings usually rely on cross-linking to achieve strength and 

-

lar weight polymers, the films develop their properties through the formation of 

cross-links in the dry film. However, waterborne polymeric systems can also be 

tailored so as to impart specific properties that are required in high-performance 

coatings, via the introduction of functional moieties in the polymer nanoparticle, 

which can create cross-linking in the dry film. These systems include functional 

latex nanoparticles containing, for example, epoxy groups, N-methylolamide 

groups, N
moieties, such as epoxies or alkoxymethylamines, will react with themselves when 

the appropriate conditions are met, whereas others require the incorporation of a 

multifunctional reactant (external cross-linker) [ ] or that two reactive groups are 

confined in different nanoparticles and react during chain interdiffusion [ ].

As noted in the previous section, in the design of effective reactive waterborne 

coating systems, the cross-linking agents have to be carefully chosen to avoid a 

large retardation (or even suppression) of chain interdiffusion, in which case only 

superficial cross-links would be formed, unable to endow good mechanical charac-

teristics to the final film. While the polymer diffusion rate for linear chains mostly 

depends on the temperature and chain length, cross-links introduce branches in the 

polymer chains which decrease their diffusion rate exponentially and create net-

works that ultimately cease polymer diffusion [ ]. Therefore, in order to obtain 

films with good mechanical performance and chemical resistance, the cross-linking 

reactions have to occur in a large extent, but only after substantial polymer mixing 

across the nanoparticle boundaries [ ].

Three main strategies are used to adjust the relative rates of diffusion and reac-

tion: change the type and concentration of catalyst (if one is used), which affects the 
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reaction rate; change the polymer chain length, which affects the rate at which it 

diffuses; or modify the temperature, which usually has a greater influence on the 

rate of polymer diffusion than on the rate of the cross-linking reaction.

As for the development of reactive dispersions, one can introduce reactive groups 

into polymer nanoparticles for waterborne coating formulations through one of two 

ways. The first is by copolymerization of reactive functionalities into the nanopar-

ticles during emulsion polymerization and introduction of an external cross-linker 

immediately before application. The second is by the introduction of different reac-

tive groups confined within separate nanoparticles that can only cross-link after 

chain diffusion between adjacent nanoparticles (reactive blends) [ , 

specific examples of these strategies implemented using different cross-linking 

chemistries will now be discussed.

29.2.1  Acetoacetoxy Cross-Linking

An example of the use of an external cross-linker that reacts with functional groups 

], who stud-

ied the effect of polymer diffusion and cross-linking in low Tg methacrylate-based 

polymer nanoparticles bearing acetoacetoxy groups, cured with 1,6-hexanediamine 

cross-linker. The presence of diamine leads to the formation of enamines that 

induced the controlled flocculation of the dispersion, improving its rheological 

properties. The diamine and acetoacetoxy moieties’ cross-linking reaction happens 

films showed excellent solvent resistance, possibly due to the reversibility of the 

reaction between amine and acetoacetoxy allowing polymer diffusion to evolve 

even after significant gel content was achieved.

29.2.2  Melamine-Formaldehyde Cross-Linking

This chemistry has long been used in high-performance waterborne coatings. The 

functionality can either be introduced using an additive to the dispersion or by 

incorporating a reactive monomer directly in the polymer nanoparticles.

Aqueous dispersions of an acrylic latex containing –OH or –COOH groups react 

29.2). This cross-linking technology has been extensively used 

in industrial coatings and presents a good balance of desirable traits like resistance 

to chemicals, flexibility, and strength.

polymer nanoparticles), it was possible to evaluate the role of temperature and 

nanoparticle morphology on the film properties and the location of the melamine- 
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formaldehyde resin in the dry film before the onset of cross-linking [

-

ing the system’s free volume, before acting as a cross-linker [ ]. On the other hand, 

no need for externally added acid catalyst.

These systems allow some degree of control over the ratio between diffusion and 

reaction because the chain length and temperature dictate the polymer diffusion rate, 

while the temperature determines the melamine reaction rate along with the available 

acid (catalyst or –COOH groups) and the local concentration of cross- linkable func-

linking reaction was outpaced by polymer diffusion, with diffusion and formation of 

entanglements occurring prior to the lockdown of the polymer network.

N
N

29.3) and can also self-condense under 

acid or basic conditions.

Fig. 29.2 Alkoxymethylene melamine derivatives can react with –OH groups in the polymer via 

acid-catalyzed alkoxy exchange (a b), 

or they self-condense (c
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-

-

) formed long-chain branches that slowed the rate of polymer 

interdiffusion in the film [

polymer interdiffusion preceded full gelation, the authors tried to boost the polymer 

interdiffusion rate relative to the cross-linking rate by decreasing the amount of acid 

catalyst or by using a weaker acid. On the other hand, increasing the thermal condi-

tions impacts both rates, but has a larger influence on the rate of polymer diffusion. 

While there was no gel detected in films prepared without acid (with up to 3 h of cur-

slower than that obtained for the reaction catalyzed by p
To evaluate the relative polymer diffusion and cross-linking rates, the authors 

labeled with either phenanthrene (donor) or anthracene (acceptor) [

the acid-free film, with the onset of polymer diffusion preceding extensive gel forma-

and polymer diffusion occurred before full cross- linking [ ].

N
obtain homogeneous cross-linking in coatings. However, its higher water solubility is 

interfacial curing [ ]. The massive yields of gel found within the films strongly limit 

the extent to which polymer diffusion and interfacial healing can take place.

Fig. 29.3 -
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29.2.3  Acetal Cross-Linking

While stable in basic conditions, the acetal functional group can deprotonate in low pH 

environments, forming an intermediate that undergoes acid-catalyzed self- condensation 

and can be used to incorporate cross-links in polymers under ambient conditions (with-

out the formation of toxic side products, such as formaldehyde, resulting from 

N N -

29.5) into polymer nanoparticles produced via emulsion copoly-

films by acidification of the nanoparticle dispersion before film formation [51].

groups (typically aldehyde) that are able to react at ambient conditions with diols or 

amines. Cross-linking reactions in polymer films can be triggered by the resulting 

aldehyde, occurring either by self-condensation (such as aldol condensation) or by 

reaction with an additional cross-linker. The hydrolysis kinetics of the acetal moi-

eties happened faster than the following self-condensation reaction. This allows for 

diffusion of the lowest molecular weight polymer chains, which eventually reacted 

to become incorporated in the polymer network [51]. Cross-link formation kinetics 

was improved after lowering the latex dispersion’s pH and raising the acetal func-

-

all films displayed good organic solvent resistance in addition to acceptable mechan-

ical characteristic, as shown in the increases in tensile strength [51].

Fig. 29.4

permission from [
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29.2.4  Epoxy Cross-Linking

Epoxy groups (oxiranes) react with carboxylic acids, their ammonium salts, and 

29.6). Epoxy groups have been incorporated into carboxylic acid-

While the epoxy reacts slowly with the carboxylic acid moieties of the polymer at 

ambient temperature, only a relatively small fraction is needed to start gel forma-

tion, which retards polymer diffusion, resulting in a weak film. Another approach 

consists of separating the two reactants into different nanoparticles by blending 

nanoparticles, so that the cross-linking reaction only occurs after polymer interdif-

fusion. This approach, however, is strongly hindered by the hydrolysis of epoxy to 

aqueous dispersion, which limited interparticle polymer diffusion in the films cast 

from the dispersions [ , ]. A variation of this strategy has been recently pre-

formaldehyde resin or urea-formaldehyde resin [53].

29.2.5  Isocyanate Cross-Linking

incorporating a comonomer of 1-(3′isopropenylphenyl)-1-methyl-ethylisocyanate 

nanoparticles of poly(styrene-co-butyl acrylate) and the stability of this group toward 

hydrolysis in the dispersion [52]. The films were cured by adding α,ω- diamino- 

-

ties were obtained in spite of the strong immiscibility of poly (isobutylene) and poly 

(styrene-co-butyl acrylate). This was explained by the reaction between the groups of 

the two polymers, which created an interphase between the nanoparticles.

29.2.6  Ionic Cross-Linking

Zinc cross-linking was one of the first successful waterborne non-formaldehyde 

chemistries, with the addition of zinc salts to cross-link carboxylic acid-containing 

waterborne dispersions being practiced within the industry. The strong coulombic 

Fig. 29.5 Chemical 

structure of N
diethoxybutyl)
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interaction between the zinc cations and carboxylate anions leads to tight ion pairs 

that tend to associate in ionomer-like interactions. The advantage of this technology 

is that it provides a one-pack stable system that produces ambient curable films with 

excellent hardness and water resistance, albeit with poor resistance to products con-

taining competing anions, such as ammonia from cleaners [19

use of this cross-linking chemistry in waterborne coatings was revisited using core-

shell nanoparticles with a rubbery 1,3-butadiene core and an ionomer copolymer 

]. The system could be ioni-

cally cross-linked using zinc ions and cast to form nanostructured ionomer films 

) [56]. The stress/strain results indicated the nanostructured films’ modu-

lus, and strain at break values could be tuned by changing the chain transfer agent 

concentration, which controls the extent of covalent cross-linking.

Fig. 29.6
epoxy group used for 

polymer cross-linking. 

Adapted with permission 

from [19

Fig. 29.7 a) core-shell nanoparticles with variably cross-linked cores 

and shells and (b) nanostructured ionomer films. The membranes of nanoparticle shell phases in 

the films are believed to contain multiplets (depicted). The symbols x, y, and z are the volume % of 

core in the Cx(y z) core-shell nanoparticles, wt% of CTA used to prepare the core, and wt% CTA 

used to prepare the shell, respectively. Adapted with permission from [
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29.2.7  Carbodiimide Cross-Linking

This chemistry has been used to prepare “two pack in one pot” systems, consisting 

of a pair of components with high intrinsic reactivity toward each other but present 

in separate polymer nanoparticles, which can therefore be stored together for long 

periods of time. This approach can be implemented by using mixed dispersion of 

mixed with nanoparticles containing carboxylic acid moieties [ , 

the freshly formed film’s reactive moieties are confined to their separate nanoparti-

cles, one composed of t

functional groups come into contact during film formation, they react to form an 

N-acylurea and in the process create a covalent bond between the two polymers. 

While some of these groups can react at the interface between nanoparticles, exten-

sive reaction can only occur if the polymers containing the two types of reactive 

groups diffuse to neighbor nanoparticles. However, while polymer diffusion is nec-

essary to bring the reactive groups together, once the chemical reaction occurs, it 

introduces chain branches which retard the rate of diffusion. As described before, if 

diffusion is much slower than the reaction, a tight cross-linked membrane at the 

interface between adjacent nanoparticles will be created, suppressing further diffu-

sion across that boundary and eventually limiting the film performance.

One issue with this system is that the carbodiimide moiety stability is dictated by 

pH, and the thermal conditions present. However, in a dispersion of copolymer 

nanoparticles of t
].

Another issue (one that is common in polymer blends) is that although the 

polymer composition is similar in the two types of nanoparticles (both based in 

t -

ability, thus limiting diffusion across the interparticle boundary and consequently 

decreasing cross-linking [ ]. To evaluate this effect, the authors compared the 

-
−1. The 

clearest indication of limited miscibility between the two dispersion components 

is observed in solvent-cast films prepared from freeze-dried blends of different 

29.8). However, as the t
(limiting the evolution of the de-mixing process), polymer diffusion begins to 

dominate, with the extent of carbodiimide reaction increasing to approximately 

the higher compatibility of –COOH and dialkyl urea groups, but is also contrib-

uted by graft copolymer formation [ ].

J.P.S. Farinha et al.
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only responsible for the cross-linking reactions associated with good film mechani-

cal properties but also play an important role in avoiding the segregation of the dif-

ferent polymers in the film, thus promoting the formation of the blend film. This 

multifunctional characteristic can be seen as a precursor to the “smart” systems 

discussed in the next section.

29.3  Smart Polymer Nanoparticles

improved properties has been emerging. These use polymer nanoparticles with spe-

cific functionalities that either respond to particular changes in the environment, or 

-

ture, light, pH, or water content.

The concept of equilibrium dynamics involving the water content of the dry-

ing film was used to develop a new class of smart nanoparticles that protect latent 

functional groups until they are needed to cross-link the film [58

particles were produced by the introduction of the functional monomer 

equilibrium (by loss of water molecules) with vinyl sulfones, which are capable 

of reacting with OH nucleophile groups in the chains and form cross-links 

29.9). During storage, when excess water is present, any reactive species 
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cross-linking reactions. However, during film formation, water loss promotes the 

formation of the reactive vinyl sulfone that leads to irreversible cross-linking. 

The dispersions are stable during very long periods of time (negligible gel frac-

tions were observed for storage periods of at least 6 months) and the resulting 

films present good mechanical properties.

Another example of cross-linking triggered by water loss was developed by Chen 

et al. [55

functionalized with chloromethylstyrene and with a tertiary amine in water, forming 

very stable self-curable latex films at room temperature. When cast and dried, these 

). 

These blends are unreactive in aqueous media and stable for long periods of storage 

extent and form films with high gel content. The mechanical properties of the films 

strongly depend on the cross-linking density and can be tuned by controlling the 

reactive chloride and tertiary amino group ratio within the two copolymers.

59, 61, 62], the films 

under shear. After cooling, continuous transparent films were obtained, with smooth 

surfaces and gel content similar to the original films. Due to their positive charges, 

the films also demonstrated catalytic activity, suitable for use as sealants and adhe-

sives and for membrane applications [ ].

Despite the advantages of the dispersions in the previous two examples, both pres-

ent the drawback of still requiring surfactants for the synthesis of the nanoparticles, 

this was solved by using a polymerizable surfactant (ammonium allyloxtmethylate 

nonylphenol ethoxylates sulfate) and a self-cross-linker (N-methylolacrylamide) as 

-

63 -

nanoparticles with fluorinated shells. During film formation, the fluorinated polymer 

side chains migrate to the polymer-air interface, forming a fluorinated layer that con-

tributed to the hydrophobicity and thermal resistance of the film surface. The smart 

No
reaction Crosslinking

H2O

Fig. 29.9
with spheres representing functional groups on polymer chains: (gray) latent hydroxyethylsulfone 

white) reactive derivative; and (black
from [58
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behavior of the nanoparticles resulted from the self- cross- linker functional monomer 

(also incorporated into the chains during emulsion polymerization), which remained 

unreactive in the dispersion but, once triggered by water loss, reacted to form cross-

29.11). Cross-linking enhances the final films’ mechanical 

properties and, restricting the fluoroalkyl groups from migrating into the interior of 

the film, improves the hydrophobic characteristics of the surfaces [63, 65, ].

used to obtain smart dispersions [66 -

cles are suitable reactive fillers for acrylic and styrene–butadiene latexes. They can 

be produced by the emulsion polymerization of styrene alongside a polyperoxide 

initiator-surfactant, which becomes covalently grafted onto the surface of the parti-

29.12). The polyperoxide functionalized latex par-

ticles are negatively charged and form very stable dispersions. However, when 

triggered by water loss, these reactive fillers can cross-link acrylic and styrene–buta-

diene latexes. Although the properties of these coatings depend both on the reaction 
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containing a polymerizable surfactant (ammonium allyloxtmethylate nonylphenol ethoxylates sul-

fate) and a self-cross-linker (N-methylolacrylamide). Adapted with permission from [63]; 
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temperature and on the amount of the reactive filler, they show better hardness and 

solvent resistance when compared to coatings produced without the fillers.

]. These play a double role as reactive coalescing aids (during film for-

mation) and cross-linkers (upon H2O evaporation and atmospheric O2 exposure). 

followed by esterification with acryloyl chloride [68]. When incorporated in acrylic 

-

oxygen in the dried film promotes self-cross-linking of the polymer chains through 

polymer nanoparticles [69], so that it remained unreactive in water dispersion, but 

acted both as plasticizers and cross-linkers after water evaporation during film forma-

tion. The optimum balance between chain interdiffusion and cross-link formation was 

achieved by tuning the temperature, to produce films with enhanced mechanical prop-

erties and chemical resistance, with no need for VOCs. The particles are composed of 

29.13), forming 

stable dispersions in water during very long times at neutral pH.

2) domains grafted to the polymer chains 

Fig. 29.12
66
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chains. The extent of cross-linking increased with the curing temperature, due to the 

increase in the mobility of water molecules inside the film that promoted the hydro-

obtained at a temperature where chain interdiffusion occurred to a significant extent 

before cross-link formation through sol–gel reactions. After drying the film, the 

Fig. 29.13
), fluorescence donor-/acceptor-labeled comonomers (

comonomer ( ). Adapted with permission from [69
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reactivity. This triggers its role as a cross-linker, increasing the film gel content.

This novel strategy allows the tuning of the diffusion/cross-linking balance in the 

from the film, but it is used as a cross-linker to improve the film’s mechanical prop-

erties. This is an extremely attractive approach to produce waterborne, high- 

performance, environmentally friendly coatings with residual VOC content along 

with very good mechanical properties and chemical resistance.

Another novel class of intelligent polymer nanoparticles uses pH as a trigger 

to increase the film’s open time (the period during which a newly applied paint 

film can be corrected sans brush indentations) [ ]. These smart nanoparticles 

acid pH (yielding uniform polymer blend nanoparticles), but immiscible at 

29.15). The evolution of films cast from these 

ФET

significant mixing between the two components in the blend nanoparticles) to 

ФET

ФET (corresponding to changes in film 

29.15

alkaline solutions of these nanoparticles, with ammonia as a counter ion, 

-

pared to films produced form particles without oligomers. The formation of 

hydrophilic membranes around the particles, through the COO− + rich 

oligomer shells, retarded the final stages of drying, delaying chain interdiffu-

Fig. 29.15 right) and varia-

tion of the quantum efficiency of energy transfer, ФET, with pH, when changing back and forth 

between acidic and alkaline conditions (left). Adapted with permission from [

29 Smart Polymer Nanoparticles for High-Performance Water-Based Coatings



3 evaporates 

and the carboxylic acid groups of the oligomers become protonated and thus 

soluble in the high molecular weight polymer of the core, acting as plasticizers 

to boost chain interdiffusion. The fraction of mixing between chains from dif-

ferent particles was thus strongly increased, compared to films produced from 

particles without oligomers.

These smart nanoparticles created coatings that simultaneously exhibit enhanced 

open time as a result of the particle’s core-shell morphology at alkaline pH and do 

not need coalescing aids because the change in pH triggered by ammonia evapora-

tion neutralizes the oligomers that act as plasticizers.

The recent development of smart polymer nanoparticles capable of triggering 

cross-linking reactions during film formation, in response to a stimuli following 

sufficient polymer diffusion, opens new possibilities for the development of high- 

for new smart polymer nanoparticles are discussed.

29.4  Future Outlook: Potential Smart Cross-Linking 
Reactions

The different strategies employed in water-based coatings and the multitude of reac-

tions described above for cross-linking give a clear indication of the strategic rele-

vance of this field. However, there is always a space for innovation, especially if one 

takes advantage of the environmental changes occurring during film formation in 

in water content, so that cross-linking reactions whose kinetics are influenced by the 

decrease in water content, or the accompanying concentration increase of a specific 

component, are of particular interest to achieve triggering of the cross-linking reac-

tion only after a chosen extent of diffusion.

The imine formation reaction from the condensation of an aldehyde and a pri-

-

ventional cross-linking reactions. This reaction is well known in the organic 

chemistry community since the nineteenth century, but its reversibility in the pres-

ence of water has been an obstacle in obtaining imines in aqueous reaction media. 

Typically, to obtain high conversions, water has to be removed from the system in 

-

ibility has been used as an advantage in fields like dynamic combinatorial chemistry 

[ ] or reticular chemistry, for the design of new materials like metal organic frame-

case, the commercial availability of polymerizable monomers containing primary 

amine groups to produce polymeric particles rich in amine groups and the handiness 

of water miscible dialdehydes (e.g., glutaraldehyde) strongly points to the viability 

J.P.S. Farinha et al.



of this strategy. Due to the reversibility of the reaction in the presence of water, the 

dialdehydes (external cross-linker) can be present in the water dispersion. During 

film formation, the rate of imine formation increases as water evaporates, with the 

reverse reaction becoming negligible. This reaction does not need a catalyst and 

-

lowing the same strategy (preferably cross-linking after water evaporation) was 

already given with excellent film performance results [55].

An alternative to this strategy is to use aldehyde groups in some polymer 

nanoparticles while other particles feature primary amine groups. The aldehyde-

bearing particles can be obtained from nanoparticles with primary hydroxyl groups, 

-

ane method.

A recent trend in polymer and materials science has been the use of “click” reac-

tions. These, by definition, must have a broad scope, produce extremely large yields, 

create harmless and simple to remove by-products, use mild reaction conditions 

with easily procurable materials, and allow for simple product isolation [

curious that one of these “click” reaction families, the nucleophilic opening of 

highly strained rings such as epoxides or aziridines, has been widely used in cross- 

linking reactions in water-based coatings (highlighted in the previous sections) long 

before the widespread use of “click” chemistry.

Other types of “click” reactions used in polymers and materials are the Diels–

Alder cycloaddition [ ], and the azide–alkyne 

cycloaddition [ ]. Due to the specific constrains of water-based coatings, espe-

implement in a cross-linking reaction for coatings. On the other hand, the cycload-

dition reactions (Diels–Alder and the azide–alkyne) have already been used in 

polymers, and their application in water-based coating cross-linking is foreseeable. 

an electron- rich diene and an electron-poor dienophile, yielding stable cyclohex-

ene adducts, without by-products. The reaction doesn’t need catalysts, the kinetic 

is temperature dependent, and in some cases reversibility occurs at higher tempera-

tures, which can be used to increase polymer diffusion or heal the material. One 

]. Acrylate 

monomers with furan moieties are commercially available. The azide–alkyne reac-

tion (or Huisgen cycloaddition) involves a 1,3-dipolar cycloaddition between an 

azide and an alkyne yielding a 1,2,3-triazole. The use of this reaction to modify 

polymers is widespread [ ] and there are several alkyne-acrylate monomers com-

mercially available, while the azide group can be easily introduced through substi-

tution from tosyl groups or haloalkanes. The first examples were catalyzed by 

copper, which depending on the end use of the polymers could raise some con-

using cyclooctyne [ ].

29 Smart Polymer Nanoparticles for High-Performance Water-Based Coatings



29.5  Conclusion

The quest for high-performance environmentally friendly polymer coatings is cen-

tered in two topics: the elimination of VOCs from the polymer nanoparticle disper-

sions and the development of highly mechanically and chemically resistant films. 

While conventional approaches have been centered on the use of reactive polymer 

dispersions, novel smart coatings are being proposed that rely on stimuli-responsive 

cross-linking reactions, able to auto-modulate the ratio of polymer diffusion and 

cross-linking kinetics to achieve maximum film performance.
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Chapter 30
Radiation-Curable Smart Coatings

Saeed Bastani and Pooneh Kardar

Abstract A quickly expanding process within the paint and coatings industry is the 

implementation of ultraviolet (UV) to cure or dry coating on various products (i.e., 

wood, metal, or plastic). Increasingly used in place of replacing conventional high- 

heat processing techniques, UV-cured coating produces materials with improved 

properties, lowers the operational costs (e.g., natural gas costs for bake curing), and 

reduces the overall environmental impact. This chapter describes this new class of 

smart UV-curable coatings. In the first part, UV-curable and smart coatings are intro-

duced. In the following sections, smart coating properties such as self-cleaning, self-

healing, antifog, and antibacterial are described separately and synthesize routes for 

smart coatings. Finally, this chapter will highlight different types of smart UV-curable 

coatings for various engineering applications.

Keywords

30.1  Introduction

The interests in using UV-curable coatings have shown exponential growth in recent 

years [1, 2]. The VOC (volatile organic compounds) content of this type of coating is 

very low (almost zero), and it consumes a relatively low amount of energy during the 

curing process. Therefore, this coating system is considered as one of the cleanest and 

most environmentally friendly coating systems [3–5]. Radiation curing of coatings, 
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inks, adhesives, and sealants is known as a rapid process. In a radiation cure process, 

monomers and oligomers can be instantaneously polymerized and/or cross-linked. 

This process usually results in an effectively complete conversion of the liquid into a 

solid (i.e., radiation-cured coatings are essentially 100 % solid in nature) [6, 7].

On the other hand, the domain of coatings with smart property has been inun-

dated with new advances and components [8, 9]. Literature provides several means 

to define a smart coating. “Materials that are capable of adapting their properties 

dynamically to an external stimulus are called responsive, or smart. The term ‘smart 

coating’ refers to the concept of coatings being able to sense the environment and 

make an appropriate response to that stimulus” [10].

New materials for UV-curable smart coatings are under investigation, some of 

which are discussed in the next section.

30.1.1  UV-Curable Self-Cleaning Coatings

Possessing the potential to reduce cleaning labor costs, a great deal of focus has been 

placed upon self-cleaning coatings and their application in commercial products includ-

ing windows, cement, fabrics, and paints [11–13]. These coatings are typically seg-

mented into two distinct categories: hydrophobic or hydrophilic coatings. Tensiometers 

are used to determine a coating’s wettability and hydrophilic and hydrophobic proper-

ties. Coatings of both classes are self-cleaning when exposed to water.

An example of this is demonstrated in nature and is defined as the “lotus effect”; 

the leaf’s hydrophobic properties repel water upon its surface, causing droplets to 

form. The contact angle (θ) was first defined by Thomas Young in 1805 through the 

investigation of the forces acting upon a still bead of liquid on a firm surface which 

was encompassed by a gas [14]:

 
g g g qSG SL LG= + cos

 (30.1)

In Eq. 30.1, γSG stands for the solid/gas interfacial tension; γSL is the interfacial 

tension between the two liquid/solid phases; and γLG represents the interfacial ten-

sion between the gas phase and the liquid phase. The θ is measurable through the 

use of a contact angle goniometer.

Wenzel summarized that upon intimate contact between a fluid and a microstruc-

tured surface, θ undergoes modification to become qW* :

 
cos cosq q

W* r=
 

(30.2)

In this equation the ratio of the actual area/projected area is given [15]. Wenzel’s 

equation revealed that the surface’s natural state could be amplified via surface micro-

structuring. When microstructured, an already hydrophobic surface (θ > 90°) increased 

in hydrophobicity, its new value of θ exceeding the initial. Further, a hydrophilic 

surface (θ < 90°) increases in hydrophilicity when microstructured, with its new θ 
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much smaller than the initial value [16 17], if the 

fluid suspension occurs on top of the microstructures, the θ value transforms to qCB* :

 
cos cosq j q

CB* = +( )1
 

(30.3)

where φ is the solid’s area fraction that makes contact with the fluid [17]. A fluid in 

Utilizing both equations, the calculation of the new contact angle should predict 

a new θ that is smaller has a greater probability of existence when the free energy 

argument is minimized. The inequality shown below is required to be correct in 

18]:

 
cos /q j j< -( ) -( )1 r

 
(30.4)

Hydrophobic coatings possess water contact angles in excess of 90° [19, 20]. 

When the water θ value exceeds 150°, these self-cleaning coatings are described as 

superhydrophobic; extremely water repellent with formation of water droplets car-

rying dirt off the surface as they roll away (Fig. 30.1). The surface’s chemical and 

topographical characteristics aid in the determination of the contact angle. In order 

to procure a superhydrophobic surface, the existing hydrophobic surface must first 

be exfoliated on the micro- and nanometer scales. It can then be stated that the sur-

face’s roughness and chemical makeup along with the dirt particle affinity to water 

adhesion will determine the overall efficiency of the self-cleaning coating.

“Photocatalysis” is the basis on which hydrophilic self-cleaning coatings func-

tion, meaning that upon exposure to light, impurities can then be broken down [12, 

21]. Currently, windows are commercially available with this self-cleaning coating 

and function in two specific manners. “Photocatalysis” breaks down any organic 

matter that accumulated on the window, later washed away by water via the low 

contact angles. With desirable physical and chemical properties, hydrophilic self-

Fig. 30.1 Water droplets 

carrying dirt away from a 

hydrophobic surface

30 Radiation-Curable Smart Coatings
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cleaning materials are known to utilize titanium dioxide (TiO2) coatings (Fig. 30.2). 

TiO2 is nontoxic, inert when devoid of light, cheap, and manageable and is estab-

lished in consumers’ homes (makeup and paint pigmentations). TiO2’s superior oxi-

dative properties and superhydrophilic characteristics enable it to be utilized in 

self- cleaning coatings, especially in outdoor applications.

However, there are few studies in literature about UV-curable self-cleaning coat-

ings. For example, one study prepared different formulations of UV-curable coat-

ings based on hybrid urethane acrylate oligomers, and the resulting UV-cured films 

intended for application were characterized as easy-to-clean coatings [22]. The 

effects of reactive monomer functionality and the oligomer structure on the reaction 

rate and extent of UV curing were investigated as well as the cured films’ properties. 

The study began with the synthesis of two different hybrid urethane acrylate oligo-

-

mulations of UV-curable coating were prepared by varying the type of urethane 

acrylate oligomers in addition to the type of reactive monomers, using the photoini-

tiator 2,2-dimethoxy-2-phenylacetophenone, methacrylic acid as a reactive diluent, 

and 3-aminopropyltrimethoxysilane as a coupling agent. The UV curing process of 

such coatings was monitored by FTIR, and the C=C bond conversion was expressed. 

Finally, the weight loss, water contact angle, crosscut adhesion, and tensile charac-

teristics of the coatings that underwent UV curing were also investigated.

Literature also puts forth an inorganic/organic hybrid coating, cured at low tem-

perature with UV exposure while maintaining impressive photoactive properties 

that are highly desirable in many applications (i.e., covers for solar cell, rearview 

mirrors for vehicles, electronic devices) [23]. The aqueous sol–gel technique and 

utilization of titanyl sulfate yielded a nano-titania sol–gel (19 nm particle size) that 

was incredibly photoactive by crystallization via microwave treatment; this is sig-

nificant in hybrid film synthesis where typical heat curing is unfeasible. Optimizing 

the quantity of the silane moiety allowed for the titania particle to be semi-coated 

with silica. A solar cell cover glass was first coated with a multifunctional monomer 

which was followed by a photoactive titania particle dip coating and then later UV 

cured for 6 h. The properties of the final coated substrate included efficient photo-

catalytic behavior, good transparency (>90 %), and a water θ value (>90°) [24]. 

Fig. 30.2 Photocatalytic process of titanium dioxide [21]
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Atomic force microscopy (AFM) displayed the uniform surface distribution of tita-

nia particles on the coating with the coating being approximately 2.5 mm thick. 

self-cleaning efficiency was found to be influenced by the hybrid silica/titania mix-

ture by stopping surface contamination from atmospheric exposure; these multi-

functional coatings are well suited as solar cell covers and could provide an 

efficiency increase of 15–25 % to the panel.

30.1.2  UV-Curable Antifog Coatings

Water vapor can condense on a solid surface at a certain temperature or humidity, 

with water on the surface forming little droplets if the solid surface has a very high 

surface energy. Therefore, the light that is refracted and scattered by water droplets 

causes the transparent materials to turn hazy, which can trigger fogging problems. 

Many optical devices suffer from fogging problems, such as eyeglasses, mirrors, 

windshields, and many other devices in specialized fields. There are two efficient 

ways to solve the problem. One is a heating device to make water vapor noncon-

densing, and the other is to provide a solid surface with wetting characteristics such 

as hydrophilicity or even super hydrophilicity. Although the former method is effi-

cient, energy costs limit its widespread application. Hydrophilic surfaces that have 

water θ value (<40°) are often utilized in antifog research [25–27]. The main reason 

is that condensing water droplets on this type of surface can rapidly spread into a 

well-distributed and non-light-scattering water coating. In this case, visibility 

through surface is good even though condensation is not prevented.

A UV-curable antifog coating is an extremely cross-linked polymer coating that 

possesses both hydrophobic and hydrophilic sections (Fig. 30.3

with such materials are able to simultaneously spread and absorb water, thus granting 

antifogging properties to a plethora of optical substrates. These materials are durable 

and long lasting, all the while maintaining excellent antifogging and mechanical char-

acteristics. Increased productivity, lower energy costs, and decreased capital invest-

ments needed in curing facilities are benefits when using UV-curable coatings.

Fig. 30.3
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Grafting and block copolymerization methods were utilized by Jacubes et al. to 

synthesize a novel polyurethane acrylate oligomer that when optimally formulated 

yields superior optical characteristics while maintaining post-UV curing toughness 

[28]. In order to produce such oligomers, selection of raw materials of varying prop-

erties, such as of hydrophilicity, hydrophobicity, conductivity, elasticity, mechanical, 

and/or formulation compatibility, was arduous. These oligomers are specifically 

thought to be used for antifog applications, glass adhesion, and soft touch applica-

tions. Polycarbonate (PC) substrates coated with this antifogging material are quite 

desirable in real-world scenarios, with a few formulations comparable to readily 

-

thane acrylate oligomers were converted from branched or dendrimeric raw materials 

through the reaction of their hydroxyl groups with hetero-functional isocyanates.

In another study, development of an antifog transparent coating based on 

polyurethane- PEG-acrylate copolymers was reported [29

curing was pursued. In order to obtain a polymer with hydrophilic properties, a poly 

(ethylene glycol) (PEG) chain is utilized as the polyol portion of the polyurethane. 

The molecular weight of PEG chain was either 1000 or 400 (g/mol) (PEG1000 and 

bond. Cross-linking occurred via free radical polymerization of the acrylate groups. 

Films with wet thicknesses of 30, 60, 90, and 120 μm were produced on glass and 

polycarbonate surfaces. The performance parameters such as fog resistance in hot 

humid atmosphere, tackiness, scratch resistance, and adhesion were determined as 

ratio, irradiation time, and content of wetting agent. A variety of techniques, includ-

ing microscopy, confocal laser scanning microscopy, AFM, differential scanning 

calorimetry, hardness testing, and dynamic light scattering, were employed for 

characterization. While antifog activity was obtained via a wide variety of recipes, 

optimization of other properties (i.e., hardness, scratch resistance) turned out to be 

in conflict with the antifog activity. Antifog activity requires the carefully timed 

uptake of water. Hard films, on the other hand, have limited swelling capability. In 

order to avoid or at least diminish this problem, antifog coatings containing nano- 

-

ica powder such as “Aerosil R972” is economical and widely used in the industry. 

However, it has proved to be impossible to disperse the aggregates without causing 

light scattering in the product, and as a result, the final films were hazy. An aqueous 

dispersion of silica (“Köstrosol 2040”) proved to be impractical because the PU 

was dissolved in acetone and phase transfer from water to acetone could not be 

achieved. Clay particles (“Laponite RD”) were aggregated inside the film and also 

resulted in slightly turbid films. These problems could be solved with self-prepared 

could also be completed in mixtures of water and acetone. A water/acetone ratio 
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could be chosen so as to avoid precipitation of polymer when adding the dispersion 

-

erties of the resultant coating. This technique provides for a novel route to create 

scratch- resistant antifog coatings. The antifog activity will be optimized in further 

work. With regard to the hardness, the use of an organic/inorganic nanocomposite 

proved to be a decisive advantage.

In another study, a series of UV-curable hydrophilic acrylate polymers contain-

ing sulfonic acid groups was prepared via free radical copolymerization using 

-

philic properties that were later used as prepolymers for antifog coatings [30]. The 

expected structures were confirmed by FTIR, 1H NMR, and gel permeation chro-

matography (GPC). These UV-curable acrylate polymers were then mixed with 

reactive diluents and photoinitiators to form coating formulas. Various substrates 

were coated with these formulas and cured under UV exposure to obtain transparent 

coatings with good adhesion and hardness. The antifog properties of UV-cured 

coating were measured by contact angle testing and antifog analysis. The results 

antifogging capabilities of the UV-cured coating. The formula was optimized and 

the corresponding UV-cured antifog coating was manufactured. The test results 

indicated the good mechanical properties, great optical transparency, and excellent 

antifog performance of coating.

Moreover, another type of UV-cured coating with antifog and antibacterial prop-

erties was investigated [31]. The study created and utilized a quaternary ammonium 

salt that was used as the monomer. FTIR and NMR analyses were used to determine 

its chemical structure. X-ray photoelectron spectroscopy was employed so as to 

observe nitrogen atoms upon the coating’s surface. The polymer film’s surface wet-

tability was investigated via contact angle analysis, confirming the coating’s hydro-

philicity with a low water θ value of approximately 25°. Alternative conditions were 

99.9 % against Staphylococcus aureus and Escherichia coli when determining the 

antibacterial characteristics.

30.1.3  UV-Curable Self-Healing Coatings

devices such as mobile phones, electronic material parts, home appliances, exterior 

or interior parts for vehicles, and plastic molded products for the purpose of protect-

ing the products from damage caused by mechanical, physical, or chemical influ-

ences from the outside. As scratches occurring on the surface of the product coatings 

or cracks resulting from external impacts may lead to deterioration of external 

appearance and main performance of the products and shorten their lifetime, con-

siderable research has been conducted to protect the surface of the product and thus 

maintain long-term quality.
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Incorporation of self-healing properties in polymeric materials is classified in 

two categories: autonomic (sans intervention) and non-autonomic (requires a trig-

ger) [32–35]. The two most commonly employed design approaches for self- healing 

materials are healing agent release and cross-links that are reversible.

In the case of healing agent release, while being produced, the active liquid 

agents such as monomers, dyes, catalysts, corrosion inhibitors, and hardeners along 

with microcapsules, hollow fibers, or channels are inserted into the polymer’s net-

work [32]. When they encounter a crack, these structures are broken and deliver the 

reactive agent into the crack thus healing the damage through solidification.

without external intervention (e.g., thermal, photo, or chemical). Various method-

ologies considered in inducing cross-linked polymeric network’s reversibility are 

Recently, vigorous studies are underway for coating materials with self-healing 

capabilities since such materials require no additional coatings or repairs when 

damaged on the surface and have substantial advantages in maintaining their exter-

nal appearance and performance. Actually, such studies have reported a UV-curable 

composition using an oligomer demonstrating self-healing capabilities and a com-

position including inorganic particles or fluorine compounds added so as to enhance 

scratch resistance and stain resistance [36, 37]. However, coating materials obtained 

from the mentioned compositions have drawbacks as they can have neither a high 

level of surface hardness nor show sufficient self-healing capabilities.

Moreover researchers claimed that using nanoparticles can improve the self- 

healing properties of coatings [38]. It is shown that due to the force of polymer 

chains on nanoparticles, the particles can migrate to the surface. As the scratches 

create two surfaces, the nanoparticles can travel to these two surfaces to fill the 

scratches and decrease the visibility of scratches. For instance, Kardar et al. pre-

sented that scratch visibility was reduced as nanoparticles were used [39]. The data 

obtained revealed that the sample containing nanoparticles had a higher scratch 

recovery. The samples with nanoparticles had a scratch depth of 50 % while sam-

ples without had 71 %. The samples’ scratch width recoveries, again without and 

with nanoparticles, were 56 % and 61 %, respectively. These results prove the 

decrease of the scratch appearance for the sample containing nanoparticles. 

Nanoparticles appear to impart improved self-healing properties to the coatings.

30.1.4  UV-Curable Antibacterial Coatings

An antimicrobial surface inhibits or impedes the ability of microorganism growth 

on a material’s surface through the use of an antimicrobial agent (Fig. 30.4). These 

materials have the potential to be used in a wide range of areas including clinical, 

industrial, and residential settings. Furthermore, linens and fabrics can house many 

types of bacteria, fungi, and viruses and, upon contact with skin, can be transmitted 

quite easily.
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The typical way to imbue surfaces with antimicrobial capabilities is through co- 

antimicrobial coating agents such as antibiotics, Ag, Cu, and peptides [40, 41]. The 

antibacterial property is relying upon the gradual leaching release mechanism that 

delivers biocides into the surrounding areas. Antibacterial component loss, surface 

inactivation, and toxic biocide release into the environment are all disadvantages 

incurred when using this antibacterial mechanism. On the other hand, various stud-

ies have been completed so as to give antimicrobial properties to the surfaces via the 

chemical tethering of bactericidal functionalities or biocides with a multitude of 

methods [42].

Among the reported straightforward modification methods, other advantages of 

UV curing include those that are environmental and cost saving. Multiple films 

prepared with a contact-killing antibacterial mechanism were cured with UV light. 

Motlagh et al. reported the synergistic effect of nano-titanium dioxide (10 and 30 

nm) and nano-silver (10 nm) as antibacterial agents on UV-curable clear coatings 

[43]. Antibacterial and physical–mechanical properties of the coating were opti-

mized using response surface methodology experimental design. Twenty different 

samples of nano-Ag and nano-TiO2 were prepared in this method. Antibacterial 

properties on Gram-negative bacteria (E. coli) were investigated. The results 

revealed that using equal amounts of two sizes of nano-TiO2 promotes the antibacte-

rial activity of nano-Ag. Therefore, the coating showed strong activity against E. 
coli. Physical–mechanical characteristics like surface hardness, abrasion resistance, 

scratch resistance, and gloss of the coating gloss were also evaluated. The results 

depicted appropriate physical–mechanical properties. Also, scanning electron 

effect upon the coating properties.

Liu et al. investigated a method in order to synthesize a contact-killing, self- 

concentration antibacterial coating [44]. Production of “a quaternary ammonium 

compound (QAC) with a long aliphatic chain and a terminal methacrylate” [44], 

Fig. 30.4 Antibacterial 

surface mechanism
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acting as an antibacterial agent and a photo-curable monomer, was completed in a 

single-step process. While the presence of QAC weakened the coatings’ most basic 

properties, it continued to exhibit decent properties including high glossiness, 

excellent hardness, and acceptable adhesion to a cherry wood base. Coatings con-

taining QAC displayed superhydrophilicity along with good antifogging capability, 

-

firmed QAC’s self-concentration properties on the cured surface of the film, which 

is beneficial in preserving the bulk materials’ physical characteristics while improv-

ing antibacterial activity on the surface.

30.2  Conclusion

In this chapter, a review on UV-curable smart polymer coatings from the mecha-

nism, processing, and application viewpoint was prepared. It was revealed that in 

place of replacing conventional high-heat processing techniques, UV-cured coating 

produces materials with improved properties, lowers the operational costs (e.g., 

natural gas costs for bake curing), and reduces the overall environmental impact. A 

new class of smart UV-curable coatings is described in multiple sections. This chap-

ter highlighted different types of smart UV-curable coatings for various engineering 

applications. However, most of the approaches pointed out in this chapter are in the 

initial stage of development and have not been broadly commercialized, mainly 

because of complicated processing procedures. Therefore, the current and future 

trends in UV-curable smart coatings have been dedicated on enhancing the proce-

dures to resolve the problems.
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Chapter 31
New Functional Composite Silane-Zeolite 
Coatings for Adsorption Heat Pump 
Applications

Edoardo Proverbio, Luigi Calabrese, Lucio Bonaccorsi,  
Angela Caprì, and Angelo Freni

Abstract The adsorption heat pumps represent an innovative technology to 

increase the efficiency of thermal energy. To date, this technology requires in-depth 

analysis in order to increase the overall performance of the equipment. In this con-

text, it is necessary to increase the overall performance of the equipment. The devel-

opment of multifunctional adsorbent coatings is an important design solution to 

improve engineering and technology of adsorption heat pumps. Thanks to the use of 

adsorbent coatings, the heat exchangers and heat pumps can operate more effi-

ciently. These coatings must not only be effective in terms of energy efficiency 

(thermodynamic and kinetic adsorption properties) but also in terms of mechanical 

and electrochemical stability. This chapter shows how this problem could be man-

aged through the use of innovative multifunctional composite silane-zeolite coat-

ings. The method proposed in this chapter is based on the deposition, using a hybrid 

silane binder, of the adsorbent material based on aluminum zeolite. The chemical- 

physical- mechanical characterization of the composite materials with the purpose 

to evaluate its industrial applicability is discussed. In particular, adhesion, hydro-

phobicity, and durability tests were performed. This chapter also highlights how 

different types of matrices can affect the performance of the coating. The results 

obtained showed that the performances of the coating were closely related to the 

interaction between zeolite filler and silane matrix. Furthermore, the type of matrix 

was an important variable in order to optimize the properties of the composite coat-

ing up to its use in the commercial field.
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31.1  Introduction

efficiency of thermal energy [ -

nology for use in an industrial environment, it is necessary to increase the overall 

performance of the equipment. In this context, the development of multifunctional 

adsorbent coatings is an important design solution that improves both engineering 

and technology for adsorption heat pumps.

Thanks to the use of adsorbent coatings, the heat exchangers and heat pumps can 

operate more efficiently. Furthermore, these coatings must not only be effective in 

terms of energy efficiency (thermodynamic and kinetic adsorption properties) but 

also in terms of mechanical (adhesion) and electrochemical stability (corrosion pro-

tection properties and self-healing).

This chapter shows how this problem could be managed through the use of inno-

vative multifunctional composite silane-zeolite coatings.

The method proposed in this chapter is based on the deposition, using a hybrid 

silane binder, of the adsorbent material based on aluminum zeolite. The main focus 

will be placed on the chemical-physical-mechanical characterization of the com-

posite materials with the purpose to evaluate its industrial applicability. In particu-

lar, adhesion (peel-through and pull-off tests), hydrophobicity, as well as durability 

tests will be performed. It also will highlight how different types of matrices can 

affect the performance of the coating.

The results show that the performances of the coating are closely related to the 

interaction between zeolite filler and silane matrix. Furthermore, the type of matrix 

is an important variable in order to optimize the properties of the composite coating 

up to its use in the commercial field.

31.2  New Challenges on Adsorption Heat Pumps

31.2.1  Thermally Driven Adsorption Machines: 
An Introduction

electrically driven systems for a wide range of applications such as automotive air con-

ditioning, solar air conditioning, waste heat recovery, and domestic heat pumping. The 

thermodynamic cycle of these adsorption machines is similar to compression heat 

pumps that are electrically driven. The main difference is that an eco-friendly thermal 

adsorption cycle, or “thermal compressor,” is used in lieu of a traditional mechanical 

compressor. The use of these machines over their counterparts comes with a barrage of 

benefits such as load reduction during peak consumption, global warming potential 

mitigation, and primary energy saving, specifically when renewable heat sources 

(i.e., waste heat, solar energy) are utilized as primary energy. In this case, only the 

supplemental systems (e.g., recirculating external heat transfer fluid pump) require 
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compressor” also provides many other advantages such as running in silence, which is 

very desirable in certain applications (residential, theater, museums, etc).

In adsorption cycles, a solid, porous adsorption medium adsorbs the refrigerant 

in a reversible manner. The following combinations are those that are most fre-

3, and activated car-

3

adsorption heat pump/chiller: high temperature drives operation, medium tempera-

ture rejects process heat, and at low temperature is where there is a collection of heat 

energy. During this cycle, the rejected heat acts as a pumping mechanism, while 

cold produced at low temperature is useful when operating in a chilling capacity [ ].

The basic configuration of the adsorption machine consists of four main compo-

nents (Fig. ): two adsorbent reactors, where the solid adsorbent is heated and 

cooled to enable the refrigerant adsorption/desorption process; the condenser, where 

the desorbed refrigerant vapor is condensed into liquid; and the evaporator, which 

feeds refrigerant to the adsorbent reactors and where the useful effect is produced in 

Fig. 31.1
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cooling mode [ ]. In order to maintain a continuous useful effect, the two reactors 

work in counter-phase operation and cycle between desorption heating and adsorp-

tion cooling modes. There is much more data available for liquid absorption heat 

pumps/chillers than those that are driven thermally, providing a unique opportunity 

for development, optimization, increased performance, and reduction of manufac-

turing costs. Various adsorption chiller or heat pump prototypes have been devel-

oped during the past several years, thus demonstrating the feasibility of this 

sell silica gel/water adsorption chillers. Such chillers, still available on the market, 

-

small-size adsorption machines for cooling or heat pumping purposes.

[ ]. Indeed, adsorption machines are still too big, heavy, and expensive to compete 

power, liquid sorption systems remain superior as adsorption systems typically dis-

play a lower thermal efficiency. In order to make headway in the market, further 

studies, development, and trials need to be completed. The research required must 

-

neering of the unit, advancement of processing technology, and finally a proof of 

concept piece that can be field tested.

31.2.2  Thermally Driven Adsorption Machines: Current R&D 
Advancement and Future Challenges

-

els of technological development, from novel materials development to compact 

components design and finally to system integration.

selection of the optimal adsorption working pair (dependent on the final applica-

tion) and the development of novel adsorbent materials capable of very high refrig-

erant uptake (leading to improved heat pump efficiency) need to be addressed [ ]. 

Moreover, adsorption materials must be stable over several thousand working 

-

]. 

water adsorption heat [3
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gel, which can be efficiently regenerated when the heat for desorption is available at 

when the condensation and adsorption heat rejection temperature is higher than 

the most promising classes of sorbents in terms of high water adsorption capacity 

4,5], con-

firming the interesting properties of such materials for adsorption cycles. The novel 

-

phosphates, evidenced effective absorption properties [6]. Experimental testing of 

performance traits in the typical operating conditions of adsorption chillers [7]. 

Furthermore, composites (“salt in porous matrix”) are two-component materials 

based on a porous host matrix with a salt inside its pores [ ]. The choice of the 

matrix and pore-filling solution allows for a wide variation of sorbent properties to 

by low-grade heat [9]. Possible issues that must be further investigated for practical 

utilization are the risk of leakage of the corrosive salt and long-term hydrothermal 

stability. In addition, evaluation of super-molecular metal-organic frameworks 

very high surface area. Some studies revealed a large capacity for water adsorption 

under practically useful operating conditions [ ]. Possible obstacles for practical 

use are a significant ad-/desorption hysteresis and insufficient stability.

Figure  shows the water adsorption isobar ( pH O2
11= mbar)  measured at 

-

-

rous silica gel, under the typical conditions of the adsorption stage of an adsorptive 

cooling cycle ( pH O2
11= mbar , Tads = °65 C , Tads fin

= °40 C ).

machines are the heat and mass transfer intensification through the adsorbent heat 

exchangers, and the development of efficient evaporator and condenser concepts for 

adsorption machines that employ common packed adsorbent beds is the low heat 

transfer efficiency between the loose adsorbent grains contacting the heat exchanger 

and the heat transfer fluid [ ]. To overcome this problem, early studies proposed 

the realization of thick consolidated beds with enhanced thermal conductivity [ ]. 

a thin layer of adsorbent material [ ]. The most promising coating methods are in 
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situ zeolite crystallization [ ] and dip (or spray)-coating processes [

direct crystallization offers the clear advantage of high coating stability and perfect 

can be complex and expensive as the synthesis conditions can be rather drastic (e.g., 

μm) which may represent a limit for the practical indus-

trialization of this technique. Dip-coating methods offer the potential benefit of mild 

reaction conditions, easily variable coating thickness (up to 0.5 mm), and, in gen-

eral, easier implementation in serial production lines. Per methodologies found in 

literature, a solution of active powders and organic/inorganic (resin vs. clay) binders 

is made for which the metal substrate is then submerged into. In order to obtain a 

tight adsorbent film, excess solvent must be removed via thermal treatment. This 

procedure can be easily applied to coat complex heat exchanger geometries with an 

adsorbent layer while maintaining a uniform thickness. Possible issues are the poor 

mechanical strength, adsorbent pore occlusion by the binder, production of volatile 

compounds from organic binders, and increased mass transfer resistance through 

the adsorbent layer. Sale-up of coating techniques for the adsorbent reactor and 

production cost optimization are important additional challenges. Figure  

(granular, coated, and direct synthesized systems).

Finally, concerning the whole adsorption system, studies are aimed at defining 

the optimal control strategy and thermal management to guarantee high perfor-

mance in terms of primary energy consumption per kWh cooling/heating power 
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11= mbar ) measured at equilibrium for different 

adsorbents by thermogravimetric technique
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and an optimal system integration ensuring high primary energy saving. Special 

focus has been given to the research of advanced sorption cycle, trying to overcome 

two critical issues of the basic cycle: the discontinuity in the production of useful 

effect and the need to use a significant amount of heat for the desorption phase. The 

main advanced cycles that have been proposed are described below. The heat 

adsorption machine. This is achieved with two beds working in counter phase so 

that the thermal energy needed during the isosteric phase of the bed undergoing 

heating is not provided by the heat source but instead from the thermal flux of the 

bed being cooled. Such thermal recovery is possible until the temperatures of the 

two beds are almost equal, so theoretically, even during part of the desorption 

phase. Thermal wave cycles are based on the division of adsorption chambers into 

several modular units [ ], so that the fluid in the exchangers follows a multistep 

path which maximizes the difference between inlet and outlet temperatures. In this 

-

tion heat is possible. Variants were proposed [ ] where inert gases are used for the 

thermal exchange between the various units have limited the practical use of ther-

mal wave cycles. Flow reversal cycles, such as the thermal wave, require inert 

gases to be introduced in the adsorption bed chambers to create a high-temperature 

differential. In particular, the flow of hot gases is periodically switched in the two 

Fig. 31.3 Summary of different adsorber technologies employed in solar-assisted heat pumps
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sides of the beds to allow a thermal recovery not only between adsorber and 

desorber but also in the adsorber itself. It has been noted that the main effect of 

such a cycle is to improve the power density. Multistage cycles have been proposed 

in order to reduce the temperature of the heat source needed [ ] and consist of 

dividing the pressure drop between condenser and evaporator in more stages; up to 

eight beds are employed, thus complicating the layout of the system. Finally, a real-

location of adsorption/desorption phases is possible; usually adsorption and desorp-

that the kinetic of the desorption process is faster than the one of adsorption, the 

amount depending partly on the granulometry of the adsorbent material used [ ]. 

It is then possible to close the connection between the hotbed and the heat source 

-

tionizing the adsorption cycle in a different way (reallocation is possible by using 

multiple bed machines).

Figure  demonstrates the remarkable influence of the cycle time and of the 

relative duration of the adsorption and desorption phases on the performance of a 

7

research and development priorities to be addressed at a system level concern the 

optimization of the system control strategies, taking into account the fluctuating 

external operating conditions and user requirements, the development of efficient 

heat rejection units, and the reduction of parasitic energy consumption of 

auxiliaries.

Fig. 31.4
des

Tads cond ev 7])
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31.3  Functional Composite Silane-Zeolite Coatings

electrically driven systems for a range of applications such as automotive air condi-

tioning, solar air conditioning, waste heat recovery, and domestic heat pumping.

Various small-size closed-cycle adsorption prototypes have been developed in 

the past, thereby, demonstrating the feasibility of this technology [ ].

transfer efficiency between the solid adsorbent material contacting the heat 

large surface area heat exchangers coated with adsorbent material rather than packed 

adsorbent beds. The most promising coating methods are in situ zeolite crystalliza-

tion [ ] and the dip-coating processes [ ].

Dip-coating methods offer the potential benefits of mild reaction conditions, eas-

ily tunable coating thickness (up to 0.5 mm) and generally easier implementation in 

serial production lines. Furthermore, this procedure can be easily applied to coat an 

adsorbent layer with complex geometries, maintaining a uniform thickness. Possible 

issues are the poor mechanical strength, adsorbent pore occlusion by the binder, 

production of volatile compounds from organic binders, and increased mass transfer 

resistance through the adsorbent layer.

the formation of alternating silica and alumina tetrahedra linked together and com-

posed in 3D structures, zeolites are crystalline nanoporous aluminosilicates with 

architectures consisting of channels and cavities with well-defined size.

Industry has begun to utilize zeolites to a large degree because of their ability to 

sieves”), their ion exchange capability in solution, and their amazing catalytic char-

high thermal and chemical resistance grants them the ability to be utilized in many 

severe environments and operating conditions.

Due to their silica-aluminate structure, the relatively high chemical reactivity of 

-

tion with various agents, including silanes, can take place by means of a superficial 

interaction [ ].

The silane matrix operates in surface engineering as a coupling agent and mainly 

offers an interlayer with good adhesion and homogeneity, able to provide further 

protective barrier action [ ].

The realization of a zeolite-based composite coating would maintain the adsor-

bent properties of the zeolite materials (thereby ensure the industrialization potential 

for the adsorption heat pumps) but at the same time create a coating with the typical 

mechanical resistance and durability characteristics typical of silane coatings.

Per previous studies, particle component addition to the silane matrix, such as 

zeolite crystals, is an affordable approach to obtain effective multifunctional adsorp-

tion coatings with good mechanical properties [ ] and effective durability in 

aggressive environmental conditions [ ].
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of the coating constituents would be extremely useful in coating technology design.

It has been claimed that the silane coupling agents lead to a significant improve-

ment of filler dispersion, reducing the clumping of particles and improving the wet-

tability by polymers [ ].

The properties of the alkyl chain in the silane compounds play a relevant role in 

the performances of the protective coating. Frignani et al. [ ] found that the pres-

ence of long aliphatic chain in the silane molecule vastly increased the protective 

action of the silane layers. In particular, a more evident effect was observed for 

longer alkyl chains. Van der Waals interactions between the aliphatic chains will 

favor the formation of an oriented multilayered system [ ], which causes a notice-

30] confirmed that good 

hydrophobic behavior of composite silanes with long alkyl chains could be associ-

ated with a regular and orderly arrangement of the long carbon chains linked to the 

generation of induced dipoles along the same plane.

Furthermore, the hydrophobic properties of the coating can be enhanced through 

a post-curing stage to increase the silane network reticulation [ ,

increase the protective action of these coatings [ ,33].

34] found that the drying temperature is a factor that influences the 

adhesion of the coating with the substrate and also its performance in corrosive 

environments [35].

31.4  Application, Measurements, and Results

31.4.1  Materials and Testing

Three types of silane (n-propyl-trimethoxy silane, octyltriethoxysilane, and 

In order to avoid that the comparison between the different formulations is made 

blurred by effects due to incomplete curing of the samples, all samples were sub-

-

ences that may be discriminated in the experimental tests can be attributed mainly 

to the silane-zeolite interaction.

The equilibrium of water vapor adsorption on different adsorbent coatings was 

-
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 connected with an evaporator thermostated at fixed temperature Tev, in order to 

maintain a static water vapor pressure p TH O ev2
( )  over the sample, and the adsorp-

tion process was started. The water uptake was calculated as

 

w m
p T

m

H O
=

( )
2

0

,

 

where m0

to measure the second equilibrium point and so on, until the full adsorption isobar 

was determined.

Wettability and adhesion studies were performed in order to evaluate the hydro-

phobic properties of the coating and chemical interaction between the substrate and 

the silane-zeolite composite coating. Furthermore, the electrochemical behavior of 

the coated and bare aluminum samples was evaluated by electrochemical imped-

The details of the coating types are given in Table . The thickness of the 

μm for all batches.

31.5  Results

31.5.1  Morphology

Figure  shows the SEM micrographs at ×500 magnification for all types of 

investigated coatings. The samples showed that the aluminum substrate was cov-

ered with a compact and homogeneous layer of composite coating. The zeolite 

grains are interconnected and well packed in the structure.

Moreover, the absence of surface cracks confirms the optimal interaction of the 

silane matrices with zeolite filler, thus displaying good mechanical stability of the 

coating even after the cross-linking process.

“valleys” and “hills” may be identified, mainly on the sample with the bifunctional 

Table 31.1 Tables summarizing coating types

Silane matrix Pretreatment Thickness ([μm)

S3 N-Propyl-trimethoxy silane S3 –

–

S3 + dimethyl-dimethoxy silane –

S3

S3

S3
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Fig. 31.5

E. Proverbio et al.



zeolite domains for this sample.

contact with the underlying aluminum substrate, not considering the application of 

the coating itself.

31.5.1.1  Adsorption Tests

Figure at 

pH O2
sure 

Tev 

-

the same pressure level was presented. The obtained results demonstrated that all the 

adsorbent coatings under investigation presented the S-shaped adsorption curve 

-

show any relevant difference within the error limits depending on the coating 

Fig. 31.6
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formulation. The adsorption ability of the various adsorbent coatings is slightly lower 

-

attractive for application in adsorption machines.

31.5.2  Wettability Tests

Table 

zeolite. In order to better clarify the effect that the zeolite addiction had on the com-

which was observed on the film of the respective pure silane film.

The samples coated with an unfilled silane layer showed a contact angle greater 

than that of bare aluminum. In particular, there is an increase in contact angle of 

(this is shown via silane film deposition onto an aluminum substrate that enhances 

to observe as the addition of the zeolite can also induce further increases to the con-

sliding of the solution along the zeolite coated surface, reducing the residence time 

below that of untreated surfaces.

The hydrophobic behavior of these composite coatings based on zeolite filler is 

due to the synergistic action of several factors. The surface morphology of this class 

surface has a very bumpy morphology. When considering the surface roughness of 

the coating, a deposited droplet interfaces with the air entrapped in the pores of the 

regime, a rough substrate with the air trapped under the droplet induces an improve-

ment in the apparent contact angle [36

however, the increase of the contact angle induced by the roughness cannot be deemed 

responsible for the different hydrophobic behavior of the composite coatings.

silane matrix [34 37]. 

Table 31.2 Wettability angle for distilled water on bare and coated aluminum samples

S3

St. dev. 3.4 4.5 3.9 4.3
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The zeolite (having several hydroxyl groups on its surface) interacts with silanol 

groups of the silane molecules, acquiring external hydrophobic organic chains. The 

newly formed silane-zeolite micelles present in the peripheral regions are mainly 

composed of alkyl chains. The resulting composite structure exhibits a preferential 

orientation of hydrophobic chains, with the tendency to increase the coating sur-

].

More relevant is the evidence that the silane matrix has a relevant effect on the 

interaction of the water-surface interface. The nature and the steric hindrance of the 

organic chains for different silane compounds could influence the hydrophobic 

the metal substrate inducing increases in the contact angle, when compared with the 

-

by assuming that the presence of the bifunctional group significantly influences the 

flexibility of the molecular network chains.

-

ite film (due to a greater flexibility of the chains during the siloxane cross-linking 

step) and, due to the steric hindrance of the methyl groups that can act as a shield 

for the metal substrate, favors high hydrophobic behavior.

reduction of the number of free hydroxyl groups associated with silane (due to a 

-

philic sites, promoting hydrogen bonding with the solvent. Furthermore, as pro-

], the contact angle of silane compounds with 

3) which 

). The use of 

31.5.3  Adhesion Tests

Figure 

test of the zeolite coating produced with different silane matrices. The red dotted 

-

39]. The 

percentage of the detached area is heavily influenced by the silane compound used 

-
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samples are characterized by their homogeneous morphology, confirming good 

zeolite-silane interlocking. The factor that distinguished each sample was the differ-

functional group bonding are crucial in promoting the interfacial interaction, which 

].

31.5.4  Impact Test

Figure  shows failure impact energy of the composite coating at varying silane 

acceptable coating performance [39]. The energy values for when the critical com-

pressive collapse of the coating occurred were set as the failure impact energy. 

-

31.5.5  Electrochemical Performances

lf, iden-

, so as to directly evaluate the 

corrosion performance of the coated samples [40].

Fig. 31.7 Damage energy of composite coatings varying silane matrix
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-

displayed higher protective performance despite being uncoated and aged for a year. 

In-depth analysis of the impedance evolution during immersion over a period of 

time in three regions can be completed.

behavior on the aluminum substrate due to the significant barrier action offered by 

the silane-zeolite composite coating. The anticorrosion performance of the coating 

lf
9

Fig. 31.8 Damage energy of composite coatings varying silane matrix

Fig. 31.9
samples
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blatantly evidenced for the bare aluminum substrate. This stabilization phase is 

coating and the subsequent formation and passivation of conductive pathways.

observed. This reduction is related to the diffusion of water across the coating, 

favoring the activation of dissolution phenomena at the coating-substrate inter-

5 (Ω
lf 

lf 
6 Ω

aluminum sample.

reduced interaction between the coating and the electrolyte shortening the time 

required for the diffusion of water across the coating to the metal substrate. Finally, 

the strong hydrophobic behavior of the coating implied that there were greater pro-

tective properties at very long immersion times.

31.6  Zeolite-Coated Heat Exchanger

The above described coating technique was used to prepare a full-scale adsorber 

3 , 

The so realized coated adsorber was tested by a laboratory scale adsorption 

(kW)] connected to a test bench for simulating the external heat sources/sinks. More 

details about the testing facility features and the experimental procedure are reported 

elsewhere [7]. Tests were aimed at measuring the adsorber performance in terms of 

conditions (Tev con ads des

summarized in Table 

ads) which is a clear advancement over currently available technology. 

The granular bed delivered higher volumetric cooling power, but the amount of 
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31.7  Conclusion

In the present chapter, the comparison of adsorption, adhesion, and anticorrosive 

properties of various types of zeolite-based coatings, with different silane matrices 

the sol-gel technique, showed good homogeneity and high levels of adhesion to the 

displayed that electrochemical behavior is slightly influenced by the functional 

groups of the silane matrix, although all composite coatings exhibited high stability 

while at high potential in the chloride solution.

Fig. 31.10 a) and dip coated (b) full-scale coated adsorber

Table 31.3 Performance measured for the full-scale coated and granular adsorber (Tev

Tcon ads des

Differential 

water loading, 

Mass-specific 

cooling power, 

W/kgads

Volumetric specific 

cooling power, W/dm3

Innovative coated 

adsorber

0.5 300

Traditional 

granular adsorber

400 500
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31.8  Future Outlook

The search for efficient adsorbent materials having moderate hydrophilicity [i.e., 

is the main goal for the development of a low-temperature adsorption heat pump. 

adsorption properties at low equilibrium temperatures and pressures that are par-

ticularly appropriate to the range of operating conditions for such pumps [5]. In 

order to optimize the adsorption pump performances, a new approach could be to 

modify the surface properties of the zeolite filler (e.g., pretreatment with hydro-

philic/hydrophobic compounds) [ ]. In this way, it could be possible to influence 

the zeolite/water vapor interaction so that the thermodynamic cycle governing the 

of zeolites has a negative impact on the heat transfer efficiency of the entire heat 

exchanger. Therefore, there is a need for new engineered materials that combine 

sorbent and heat transfer properties. In this respect, the use of zeolite-graphite com-

posites represents a valid strategy for the ideal combination of low density, low heat 

capacity, and high thermal conductivity shown by the graphite substrates. In the 

past, some authors proposed a composite made by compressing graphite grains with 

hygroscopic salts or zeolites [ ] to improve the thermal conductivity of the adsor-

bent bed. Such a combination, however, despite leading to a better thermal conduc-

[43

porous carbon supports, like graphite foams [44], in order to combine the needed 

density graphite plates [45] (which can be easily machined to provide optimal con-

figurations for the design of an advanced heat exchanger for solar cooling or auto-

motive applications) giving promising results in order to optimize the process 

performance.
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Chapter 32
Intercalation of Poly[oligo(ethylene glycol)-
oxalate] into Lithium Hectorite

Iskandar Saada, Rabin Bissessur, Douglas C. Dahn, Matthieu Hughes, 
and Victoria Trenton

Abstract Intercalation of poly[oligo(ethylene glycol)-oxalate] (POEGO) into lith-

ium hectorite was conducted. A series of nanocomposite materials were prepared by 

varying the molar ratio of the polymer to the lithium hectorite. The nanocomposites 

were characterized using powder X-ray diffraction (XRD), thermogravimetric anal-

ysis (TGA), differential scanning calorimetry (DSC), and attenuated total reflec-

tance (ATR) spectroscopy. AC impedance spectroscopy was used to measure the 

ionic resistance of the nanocomposites when complexed with lithium triflate.

Keywords

32.1  Introduction

Lithium-ion batteries have become a prominent source of energy storage for small- 

and large-scale applications in the past two decades. Many academic and industrial 

battery material research labs are currently focused on improving the safety of 

lithium- ion batteries by searching for viable solid-state electrolyte materials. Solid- 

state electrolyte materials allow for the development of lithium-ion batteries that 

exhibit enhanced safety, flexible cell designs, and lower cost due to their simplified 

components. One such class of materials is solid polymer electrolytes (SPEs); SPEs 

are generating interest due to their ease of packaging and enhanced safety. However, 

SPEs tend to exhibit low dimensional stability at ambient temperatures, ultimately 
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causing them to flow once assembled in batteries [1, 2]. To this end, enhancement 

of SPEs’ dimensional stability is proposed via intercalating them into two- 

dimensional layered structures such as hectorite, specifically, lithium hectorite.

Clay–polymer nanocomposites have been the subject of much research since the 

early 1960s [3]. Interest in these nanocomposites stems from their optical transpar-

ency, biodegradability, tensile and mechanical strength, gas barrier properties, and 

ionic conductivity [4]. Specifically, ionically conductive clay–polymer nanocom-

posites are ideal candidates as electrolytes in solid-state lithium-ion batteries due to 

their ionically conductive and physical properties [5]. When an ionically conductive 

polymer is intercalated into a two-dimensional layered structure, the material could 

exhibit enhanced mechanical and thermal stability compared to the pristine polymer 

while retaining the ionic conductivity of the polymer [6].

The following approach uses a PEG-based polymer known as poly[oligo(ethylene 

glycol)-oxalate] (POEGO), displayed in Fig. 32.1, as a candidate. Pure POEGO is 

an insulator. However, the polymer is environmentally sensitive to the presence of 

small amounts of salts and becomes ionically conductive [7]. For instance, the poly-

mer has been reported to yield ionic conductivity when complexed with small 

amounts of lithium triflate. In particular, the room temperature ionic conductivity of 

(POEGO)16 LiCF3SO3 can be as high as 5.9 × 10−5 (S cm−1), depending on the num-

ber of oxyethylene in the oligo(ethylene glycol) units (shown as 9 in Fig. 32.1) [7]. 

The high ionic conductivity of the polymer has been ascribed to its low glass transi-

tion temperature resulting in significant segmental motion of the polymer, assisting 

the movement of ions within the polymer matrix [7]. Due to the large property 

change of the polymer from insulating to ion conducting when subjected to small 

amounts of salts (the external stimuli) and its characteristic low glass transition 

temperature, the polymer clearly fits within the definition of “intelligent/smart poly-

mers” [8]. Rapid conductivity changes as a function of temperature also occur in 

some of these polymer/salt complexes [7] and could in principle be used in smart 

polymer applications where the external stimulus is temperature.

POEGO can potentially be used in lithium-ion battery applications. However, 

POEGO has low dimensional stability at ambient temperatures and would ulti-

mately leak after cell assembly. In order to overcome this challenge, POEGO has 

been intercalated into two-dimensional layered structures such as tin disulfide [9], 

graphite oxide [10], and sodium hectorite with varying degrees of success [2].

Hectorite is a mineral that arises from volcanic ash and belongs to the family of 

smectite clays. Smectites are commonly used in many applications such as 

 pharmaceuticals [11], cosmetics [12], and automobile components [13] and could 

Fig. 32.1 Structure of 

poly[oligo(ethylene 

glycol)-oxalate] (POEGO)
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potentially be used as solid electrolytes in lithium-ion batteries [6, 14, 15]. Smectite 

clays are generally composed of 2:1 layers formed by two tetrahedral silicate sheets 

encompassing an octahedral sheet, as shown in Fig. 32.2 [16].

Hectorite is appealing as a layered host due to its high thermal stability, high 

surface area, exfoliation/restacking ability, and high cation exchange capacity [17]. 

Researchers have reported the intercalation of various materials such as polyethyl-

ene oxide [2], polystyrene/poly(ethyl methacrylate) blends [18], phthalocyanines 

[17], and ruthenium tris(bipyridine) [19] into sodium hectorite. However, in this 

article the intercalation of poly[oligo(ethylene glycol)-oxalate] (POEGO) into lith-

ium hectorite is reported, rather than sodium hectorite. The lithiation process of 

sodium hectorite was conducted by exploiting the cation exchange capability of 

hectorite and displacing the naturally lying sodium ions with lithium ions [20].

A further goal of this research is to compare the characteristics of the produced 

nanocomposites to those of the pristine POEGO. In order to accomplish this goal, a 

series of nanocomposites were prepared by varying the molar ratio of POEGO to 

Li-hectorite. This comprehensive study was performed in order to monitor changes 

in thermal and ionic conductivity properties. The nanocomposites were character-

ized using powder X-ray diffraction, thermogravimetric analysis, differential scan-

ning calorimetry, and attenuated total reflectance spectroscopy. Furthermore, AC 

impedance spectroscopy was used to determine the ionic resistance of the nanocom-

posites complexed with lithium triflate.

Fig. 32.2 Structure of hectorite
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32.2  Experimental

32.2.1  Purification and Lithiation of Hectorite

Sodium hectorite (SHCa-1) was purchased from Source Clays Repository. Since the 

fine powder has calcium carbonate and other impurities within it, a purification 

process was performed as previously reported in the literature [2]. Once the purifi-

cation process was complete, a cation exchange process was employed using a pre-

viously reported methodology in order to remove the sodium ions and replace them 

with lithium ions [20]. The cation exchange process began with the addition of a 

LiCl solution (0.75 M) to the purified sodium hectorite. This mixture was left to stir 

for one day and then centrifuged. The supernatant was discarded and the process 

was repeated twice. When the final LiCl exchange was complete, the white translu-

cent gel was washed and centrifuged three times with deionized water. The resulting 

gel mixture was then dried in an oven at 100 °C for a minimum of 3 days. The solid 

clay was then rinsed three times with methanol in order to remove any excess LiCl 

The lithiation process was carried out twice to ensure maximum substitution of 

lithium ions. Elemental analysis was used to monitor the sodium ion and lithium- 

ion content at the Guelph Chemical Laboratories Ltd. in Ontario, Canada. The data 

indicated an increase in lithium-ion proportion from Li0.5 0.8 Si1 (sodium hecto-

rite) to Li3 0.4 Si1 (lithium hectorite).

32.2.2  Synthesis of Polymers and Polymer–Salt Complexes

The synthesis of POEGO was performed by following procedures reported in the 

literature. The polymer-to-lithium triflate (LiCF3SO3) ratio, (POEGO)16 LiCF3SO3, 

was chosen based on previously reported literature in order to obtain the most ioni-

cally conductive polymer–salt complex [7]. The synthesized polymer was stored in 

a vacuum desiccator, and the polymer–salt complexes were intercalated as soon as 

they were prepared in order to minimize humidity absorption. Hereafter, the uncom-

plexed polymer will be referred to as POEGO, while the salt-complexed polymer 

will be referred to as Li-POEGO.

32.2.3  Preparation of Nanocomposites

A general procedure was employed for the intercalation of POEGO into Li-hectorite. 

Li-hectorite (0.100 g, 2.60 × 10−4 mol) was suspended in deionized water and left to 

stir until fully suspended (typically 30 min). During the suspension period, polymer 

with molar ratios 0.5, 1, 2, or 4 with respect to the Li-hectorite was dissolved in 

5 mL of deionized water. A pipette was used to transfer the polymer solution to the 

I. Saada et al.



685

Li-hectorite suspension at a rate of one drop per second. The progress of the 

 reactions was monitored via XRD, while the final products were isolated via freeze- 

drying and stored in a vacuum desiccator.

32.3  Instrumentation

32.3.1  Powder X-ray Diffraction

-

eter. The equipment consists of a variable divergence slit, variable anti-scatter slit, 

and a scintillation detector. The monochromator is made of graphite, and Cu (kα) 

radiation (λ = 1.542 Å) was used. The data was collected at room temperature on 

glass substrates.

32.3.2  Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on a TA Q500 using a heating rate 

of 10 °C/min, with the use of platinum pans under dry compressed air. Samples were 

freeze-dried prior to TGA analyses in order to minimize their moisture content.

32.3.3  Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed on a TA Q100 using heat/

cool/heat cycle under nitrogen flow at a rate of 50 mL/min.

32.3.4  Attenuated Total Reflectance Spectroscopy

Alpha A-T (resolution 0.9, 128 scans).

32.3.5  AC Impedance Spectroscopy

Impedance spectroscopy (IS) was used to measure the ionic conductivity of the 

nanocomposites and the polymer–salt complex [21]. Most of the IS samples were 

cast films formed on rectangular glass substrates with two stainless steel electrodes 

on the opposite ends of the substrates. During IS measurements, current flows 
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between the electrodes, along the film parallel to the substrate. Samples from reac-

tion mixtures were cast onto the substrates after 3 days to ensure complete intercala-

tion. One sample was a pressed pellet in the shape of a disk. For the pellet sample, 

IS measurements were made with the sample sandwiched between two stainless 

steel electrodes, with current flowing perpendicular to the plane of the disk.

In order to remove moisture, the samples were placed in a vacuum chamber for 

at least 24 h at room temperature prior to the data collection. During IS measure-

ments, the temperature of the samples was controlled using a Cryodyne 350 CP 

refrigerator and a Lakeshore 321 temperature controller. The data collection was 

performed using a Solartron 1250 frequency response analyzer and a homebuilt 

accessory circuit for high-impedance samples. The voltage across the samples was 

-

22] that carries out a complex 

nonlinear least-squares fit using the Levenberg–Marquardt algorithm.

32.4  Results and Discussion

32.4.1  POEGO/Lithium Hectorite

32.4.1.1  Powder X-ray Diffraction

Powder X-ray diffraction was used to confirm whether POEGO was successfully 

intercalated into lithium hectorite (Li-hectorite). The XRD data was used to com-

pare the basal spacing (i.e., d-spacing) of the intercalated polymer nanocomposites 

to that of the pristine Li-hectorite and determine the effect that the various polymer 

molar ratios have on the basal spacing of the layered structure. Figure 32.3 compares 

the POEGO–Li-hectorite nanocomposite (1:1) to the control (Li-hectorite treated 

with H2O) and illustrates the increase in basal spacing of the layered structure.

Throughout this research project, the polymeric molar ratio of POEGO was sys-

tematically increased with respect to Li-hectorite (0.5, 1, 2, and 4), and the basal 

spacing of the resulting nanocomposites was determined by using XRD. The net 

interlayer expansion is obtained by taking the difference between the basal spacing 

of the nanocomposites and dry Li-hectorite, heated to 650 °C (d-spacing = 9.5 Å). 

For example, a 1:1 POEGO–Li-hectorite nanocomposite has a basal spacing of 18.9 

Å, which implies a net interlayer expansion of 9.4 Å. The XRD data of the nano-

composites are summarized in Table 32.1.

As illustrated in Table 32.1, increasing the POEGO–Li-hectorite molar ratio 

leads to an increase in the amount of intercalated POEGO. This enhancement in 

basal spacing is observed when the molar ratio of POEGO to Li-hectorite increases 

from 0.5 to 2. Increasing the molar ratio to 4 results in an amorphous material as 

shown by the XRD diffractogram, which also shows the characteristics of an exfoli-

ated nanocomposite. From the X-ray patterns, the average crystallite size of the 

nanocomposites was determined by using the Scherrer formula and the results are 
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presented in Table 32.1 [23]. According to the overall trend, the average crystallite 

size appears to decrease upon increasing the amount of POEGO, indicating that the 

excess amorphous polymer significantly contributes to the reduction of the crystal-

lite size of the nanocomposite.

The cross-sectional dimensions of POEGO from the top carbonyl oxygen to the 

bottom carbonyl oxygen were calculated using Spartan ‘08 and indicate that the larg-

est possible dimension, assuming the polymer is linear, is approximately 3.5 Å [24]. 

This information suggests a bilayer arrangement of POEGO in the 1:1 nanocompos-

ite, which has a net interlayer expansion of 9.4 Å. Although a bilayer arrangement is 

assigned to the 1:1 nanocomposite, it is important to note the polymer is likely not 

oriented in a linear fashion within the layers of hectorite and could be randomly 

Fig. 32.3 XRD of (a) Li-hectorite–H2O (control) and (b) POEGO–Li-hectorite (1:1) 

nanocomposite

Table 32.1 Summary of XRD data

Material

POEGO–

Li-hectorite (Mol)

 

spacing (Å)

 

expansion (Å)

Average  

crystallite size (Å)

POEGO 0.5:1 17.4 7.9 88

1:1 18.9 9.4 88

2:1 22.0 12.5 67

4:1 – – –

– 10.0 – 140

Li-hectorite–H2O – 12.1 – 60

Dry Li-hectorite – 9.50 – 182
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oriented between the layers due to its chain flexibility. A schematic diagram showing 

the bilayer arrangement of POEGO in Li-hectorite is illustrated in Fig. 32.4.

32.4.1.2  Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to investigate the thermal stability of 

the pristine materials and nanocomposites. TGA was also used to calculate the stoi-

chiometry of the nanocomposites. Figure 32.5 illustrates the thermal decomposition 

data of pristine POEGO, pristine POEGO–Li-hectorite nanocomposite (1:1), 

Li-POEGO, and Li-POEGO–Li-hectorite nanocomposite (1:1).

The thermograms of the nanocomposites (Fig. 32.5a, b) conducted in air display 

three distinguishable decomposition steps. The first step corresponds to the loss of 

co-intercalated water and occurs around 100 °C, while the second decomposition 

step is ascribed to the loss of externally bound polymer. The third and final step is 

the decomposition of the intercalated POEGO from the layers of hectorite. The 

thermal stability of the nanocomposites is displayed in Table 32.2.

As shown in Fig. 32.5 and summarized in Table 32.2, the 1:1 POEGO–Li-hectorite 

nanocomposite (thermogram (b)) has a higher onset decomposition temperature 

than the pristine POEGO (thermogram (d)). For pristine POEGO (thermogram (d)), 

full decomposition of the polymer is observed at approximately 400 °C. On the 

other hand, the decomposition of the intercalated POEGO begins at 408 °C in the 

Fig. 32.4 Schematic of POEGO layers in lithium hectorite (1:1)
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1:1 nanocomposite, thus indicating an increase in the onset decomposition tempera-

ture of 238 °C compared to the polymer (170 °C).

When the thermogram of the Li-POEGO–Li-hectorite nanocomposite (1:1) 

(thermogram (a)) is compared to the Li-POEGO (thermogram (c)), it is found that 

the decomposition of the Li-POEGO is slightly compromised due to the decomposi-

tion of the lithium triflate (LiCF3SO3) salt near 400 °C; the lithium triflate salt 

decomposes over the same region as the intercalated polymer. Due to this decompo-

sition overlap near the 400 °C region, the thermograms of the salt-complexed nano-

composites were not used for the stoichiometry calculations. The stoichiometry of 

the POEGO–Li-hectorite nanocomposites was determined from their corresponding 

thermograms, and the results are summarized in Table 32.3.

Fig. 32.5 TGA data of (a) Li-POEGO–Li-hectorite(1:1), (b) POEGO–Li-hectorite (1:1), (c) 

Li-POEGO, and (d) POEGO

Table 32.2 Summary of TGA data

Polymer POEGO–Li-hectorite (Mol) Ta (°C) Tb (°C) ΔTc (°C)

POEGO 170

0.5:1 182 402 232

1:1 182 408 238

2:1 186 420 250

4:1 180 423 253

a = Onset decomposition temperature of externally lying POEGO or POEGO

b = Onset decomposition temperature of intercalated POEGO

c = Difference in decomposition temperature of intercalated polymer and pristine polymer
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From the data presented in Table 32.3, higher amounts of intercalated POEGO 

are observed with increasing molar ratios of POEGO to Li-hectorite, and this trend 

is in agreement with the XRD data. Furthermore, the amount of externally lying 

polymer present also increases with increasing polymer ratios. This is displayed as 

POEGOExt in the stoichiometry data.

32.4.1.3  Differential Scanning Calorimetry

Differential scanning calorimetry was used to monitor the glass transition tempera-

ture (Tg) of the polymer upon intercalation into Li-hectorite. The Tg was determined 

for the pristine POEGO, pristine POEGO–Li-hectorite nanocomposite (1:1), 

Li-POEGO, and Li-POEGO–Li-hectorite nanocomposite (1:1).

The pristine polymer exhibits a glass transition temperature at −53 °C, which is 

in good agreement with the literature (−55 °C) [7]. Furthermore, the glass transition 

temperature of the polymer does not shift upon intercalation and slightly decreases 

when the polymer molar ratio is increased with respect to the layered structure. This 

indicates that polymer molecules in the nanocomposites are still flexible and theo-

retically should not affect the ionic conductivity of the material based on the theory 

of segmental motion [25]. This is in contrast to what has been previously reported 

in the literature, where intercalation of polymers into layered structures leads to an 

increase in the glass transition temperature of the polymers due to the rigid nature 

of the nanocomposites [6]. The Tg data for the POEGO–Li-hectorite nanocompos-

ites is presented in Table 32.4.

Table 32.3 Stoichiometry of POEGO–Li-hectorite nanocomposites

POEGO–Li-hectorite 

(Mol) Stoichiometry

0.5:1 (H2O)0.78 (POEGOExt)0.39 (POEGOIn)0.040 (Li-hectorite)

1:1 (H2O)3.7 (POEGOExt)1.1 (POEGOIn)0.11 (Li-hectorite)

2:1 (H2O)2.7 (POEGOExt)1.9 (POEGOIn)0.20 (Li-hectorite)

4:1 (H2O)5.0 (POEGOExt)4.0 (POEGOIn)0.43 (Li-hectorite)

Table 32.4 Summary of DSC data

Polymer POEGO–Li-hectorite (Mol) Glass transition temperature (Tg)

POEGO −53

Li-POEGO −57

0.5:1 −55

1:1 −59

2:1 −62

4:1 −62
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While the POEGO–Li-hectorite nanocomposites do not exhibit a shift in glass 

transition temperatures, the Li-POEGO–Li-hectorite nanocomposite (Fig. 32.6b) 

behaves differently. The Tg observed in (Fig. 32.6b) shows a significant shift in its 

Tg to −40 °C, indicating a 13 °C increase in glass transition temperature. The 

increase in Tg of the salt-complexed nanocomposites is most likely due to the 

 crystalline nature of the lithium triflate salt. Although the glass transition tempera-

ture increased, it is well below the optimal operation temperatures for lithium-ion 

batteries.

32.4.1.4  Attenuated Total Reflectance

Attenuated total reflectance was used to monitor the vibrations of pristine POEGO, 

pristine POEGO–Li-hectorite nanocomposites, Li-POEGO, and Li-POEGO–

Li-hectorite nanocomposites. The IR spectra are presented in Fig. 32.7.

The IR spectra of pristine POEGO and POEGO–Li-hectorite nanocomposite (1:1) 

are depicted in Fig. 32.7a, c. Upon intercalation, the position of the carbonyl vibra-

tions in the polymer remains unchanged (1744 cm−1); however, the ester C–O vibra-

tions shift to lower wave numbers (from 1180 to 1057 cm−1 and 1094 to 988 cm−1). 

These shifts indicate enhanced interaction between the polymer and Li-hectorite. A 

similar trend is observed for the Li-POEGO (Fig. 32.7b) and Li-POEGO–Li-hectorite 

Fig. 32.6 DSC data for (a) POEGO–Li-hectorite (1:1), (b) Li-POEGO–Li-hectorite (1:1), (c) 

Li-POEGO, and (d) POEGO
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nanocomposites (1:1) (Fig. 32.7d), which indicates that the presence of the lithium 

triflate has little effect on the vibrations of the materials. This further solidifies the 

theory that the lithium salt is merely acting as a free lithium- ion source and not com-

promising the vibrations in the nanocomposites. The IR data are summarized in 

Table 32.5.
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Fig. 32.7 IR spectra of (a) POEGO, (b) Li-POEGO, (c) POEGO–Li-hectorite (1:1), and (d) 

Li-POEGO–Li-hectorite (1:1)

Table 32.5 Summary of IR data

Major vibrations (cm−1) POEGO Li-POEGO

POEGO–

Li-hectorite (1:1)

Li-POEGO–

Li-hectorite (1:1)

Li-hectorite HOH stretch 3689 3689

Hydroxyl 3470 3431 3411 3406

Sp3 C–H stretch 2868 2875 2872 2878

C=O Carboxylic acid 1719 – 1719 1719

C=O Ester 1744 1740 1740 –

Li-hectorite HOH bend 1635 1653

C–O ester/ether/alcohol 1180/1094 1082/1029 1057/988 1061/980

CF3 1249 1253

C–F deformation 638 638

SO3 asymmetric bend 573 573

SO3 symmetric bend 518 518

–, Peak not found in spectrum
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32.4.1.5  AC Impedance Spectroscopy

AC impedance spectroscopy was used to determine the conductivity of the 

Li-POEGO and Li-POEGO–Li-hectorite nanocomposites as a function of tempera-

ture. Figure 32.8 is a complex plane plot of the impedance data of a Li-POEGO–

Li-hectorite (1:1) nanocomposite pellet over a frequency range from 5 kHz on the 

left end of the plot to 2 Hz on the top right. The temperature was 300 K. The curve 

has characteristics typical of an ionic conductor between blocking electrodes, an arc 

at high frequency and a diagonal spur at low frequency. The value of Re (Z) at 

which Im (Z) goes through a minimum is approximately the resistance (R) of the 

sample. The value of R and the dimensions of the polymer film can be used to cal-

culate the ionic conductivity of the sample. In order to obtain more accurate values 

of R from the data obtained, a complex nonlinear least-squares fit was done to an 

22]. A four- component 

equivalent circuit was used and is displayed in the inset in Fig. 32.8. The resistor R 

and constant-phase element CPE1 together represent ionic conduction through the 

bulk of the sample. CPE2 models the interface with the blocking electrodes, and 

capacitor C represents the bulk capacitance of the sample, as well as cable capaci-

tance. The fit gives R = (8.62 ± .04) × 104 Ω, and combining this with the dimensions 

of the sample (diameter 1.28 ± .01 cm and thickness 0.036 ± 0.001 cm) gives an 

ionic conductivity of (3.2 ± 0.1) × 10−7 S cm−1.

Fig. 32.8 Complex impedance of Li-POEGO–Li-hectorite (1:1) nanocomposite pellet at 

300 K. The line is a fit to the equivalent circuit model shown in the inset
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It was not possible to form pellets of Li-POEGO and some of the nanocompos-

ites, so IS measurements were made on cast films. Figure 32.9 shows typical data 

for a cast film sample, in this case a 2:1 Li-POEGO–Li-hectorite nanocomposite at 

300 K. The distance between electrodes in the direction of current flow was 

0.79 ± 0.04 (cm), and the film was 0.87 ± 0.01 (cm) wide and (2.5 ± 1.0) × 10−3 (cm) 

thick. A fit to the equivalent circuit model shown in the figure gives 

R = (1.25 ± 0.03) × 108 (Ω) and an ionic conductivity of (3 ± 1) × 10−6 (S cm−1). 

Conductivities measured on cast film samples have relatively high uncertainties, 

since the sample dimensions were measured with a micrometer, making it difficult 

to determine the thickness accurately. The thickness is also nonuniform. The uncer-

tainty in sample thickness is the main source of error in the conductivity values. The 

very high resistance value is a consequence of the sample dimensions and the fact 

that the current flows along the plane of the thin film rather than through it from one 

side to the other. The high resistance implies very small current through the sample 

-

tively poor signal-to-noise ratio, as can be seen in Fig. 32.9. In spite of this, thin film 

IS samples have the advantage that they are very easy to prepare, even for materials 

that are soft and difficult to form into pellets, and the IS data can be fit with a simple 

equivalent circuit.

The ionic conductivity is shown as a function of temperature in Fig. 32.10, for 

Li-POEGO and different ratios of Li-POEGO–Li-hectorite nanocomposites. Data 

26]:

Fig. 32.9 Complex impedance of Li-POEGO–Li-hectorite (1:2) nanocomposite cast film at 

300 K. The line is a fit to the equivalent circuit model shown in the inset
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s s b= - -

0e R T T/ ( )0

 (32.1)

The fit curve is shown in Fig. 32.10. Parameters determined from the fit are 

σ0 = (0.09 ± 0.02) S cm−1, β/R = (1562 ± 48) K, and T0 = (175 ± 2) K. The conductivity 

for Li-POEGO and Li-POEGO–Li-hectorite (2:1) cast films also could be fit to the 

32.10); however, because of the large error bars on the data, the 

fit parameters have little significance. Attempts to fit the Li-POEGO–Li-hectorite 

An upward trend in the ionic conductivity of the nanocomposites is observed 

when the molar ratio of Li-POEGO is increased with respect to Li-hectorite. This 

can be seen in Fig. 32.10 and in Table 32.6, which lists the conductivity for all the 

samples at 300 K. The 1:1 Li-POEGO–Li-hectorite nanocomposite has a conductiv-

ity significantly lower than Li-POEGO. The 2:1 and 4:1 nanocomposites have ionic 

conductivities of about the same magnitude as Li-POEGO. In fact, the conductivity 

of the 2:1 appears to be even higher than Li-POEGO; however, because of the large 

uncertainties, the difference is not significant.

The ionic conductivity measured for Li-POEGO without hectorite is lower than the 

maximum reported in the literature for (POEGO)16 LiCF3SO3, i.e., 5.9 × 10−5 (S cm−1) 

[7]. However, conductivity depends on the length of the oxyethylene chains (shown 

Fig. 32.10 Ionic conductivity of Li-POEGO–Li-hectorite nanocomposites and Li-POEGO. Lines 

32 Intercalation of Poly[oligo(ethylene glycol)-oxalate] into Lithium Hectorite



696

as 9 in Fig. 32.1), reaching a maximum when the length is 23. The conductivity 

measured here for Li-POEGO [(2.3 ± 0.5) × 10−6 (S cm−1)] is consistent with data in 

reference [7] for an oxyethylene chain length in the range of 5–9.

32.5  Conclusion

-

cessfully intercalated into Li-hectorite as evidenced by the XRD data. The nano-

composites have also been characterized by TGA, DSC, ATR, and AC impedance 

spectroscopy. TGA data confirmed that an increase in the molar ratio of POEGO 

(0.5, 1, 2, 4) to the layered host results in a larger amount of the intercalated poly-

mer. TGA data also indicates that the thermal stability of the POEGO–Li-hectorite 

(1:1) nanocomposites is enhanced by approximately 238 K when compared to pris-

tine POEGO. Further characterization using AC impedance spectroscopy confirms 

that the Li-POEGO–Li-hectorite nanocomposites are ionically conductive. DSC 

confirms that the glass transition temperature of the nanocomposites remains rela-

tively the same upon intercalation, indicating the polymer chains are still flexible at 

low temperatures, which are well below lithium-ion cell operation temperatures. 

ATR spectroscopy confirms that the polymer chains remain relatively flexible upon 

intercalation and do not affect the rigidity of the nanocomposites. In conclusion, the 

data obtained for the newly synthesized nanocomposites indicates that they exhibit 

enhanced physical and mechanical integrity compared to the pristine polymer while 

retaining the ionic conductivity of the pristine polymer. Li-POEGO–Li-hectorite 

nanocomposites can therefore be used in lithium-ion battery applications. The 

enhanced thermal stability of these materials over the pure polymer suggests that 

batteries designed from these materials will be able function over a wide range of 

temperatures from as low as the glass transition temperature, ca −55 °C, to as high 

as ca 220 °C, the thermal stability as observed from TGA. The materials can also be 

prepared as thin films and can be easily deposited via solution casting onto anode 

materials of different sizes and shapes. Our research shows that the conductivity of 

the nanocomposites can be controlled by synthetically tailoring the amount of poly-

mer, triflate salt, and hectorite. The fact that the nanocomposites are ionically con-

ductive over a wide range of temperatures further corroborates that batteries 

fabricated from these materials will function over a wide range of temperatures.

Table 32.6 Ionic conductivity of Li-POEGO–Li-hectorite nanocomposites and Li-POEGO

Li-POEGO–Li-hectorite (Mol) Ionic conductivity (Ω−1 cm−1) at 300 K

1:1 (3.2 ± 0.1) × 10−7

2:1 (3 ± 1) × 10−6

4:1 (1.5 ± 1.2) × 10−6

Li-POEGO (2.3 ± 0.5) × 10−6
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 twisted conductive fi bers  ,   445  
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  Controlled radical polymerization 
(CRP)  ,   584   

  Copper catalyzed alkyne–azide cycloaddition 
(CuAAC)  ,   587   

  Corrosion protection 
 active protection  ,   418  
 anionic materials 

 AA2024 samples  ,   422  
 chloride concentration  ,   421  
 comprehensive model  ,   421  
 drawbacks  ,   424  
 hydroxide layers  ,   421  
 LDH  ,   421  
 LDHs  ,   422   ,   423  
 Mg–Al hydrotalcite conversion  ,   423  
 MoO 4  2−  ions  ,   423  

 cationic materials 
 aqueous solution  ,   425  
 cation-exchange properties  ,   424   
 intrinsic characteristics  ,   425  
 montmorillonite  ,   424  
 salt spray test  ,   424  
 sol–gel fi lms  ,   425  
 zeolites  ,   425   

 intermetallic particles  ,   418  
 mechanical damage  ,   419–420  
 mechanisms  ,   429–432  
 pH changes 

 2-(benzothiazol-2-ylsulfanyl)-succinic 
acid  ,   428  

 feedback coating  ,   429  
 halloysite  ,   428  
 healing effect  ,   429  
 layer-by-layer technique  ,   427   
 loading capacity  ,   428   ,   429  
 metallic oxidation  ,   426  
 polyelectrolytes  ,   427   
 storage/release  ,   429  
 SVET  ,   427  

 self-healing coatings    (see  Self-healing 
coatings )  

 sol–gel technology  ,   418  
 World Corrosion Organization  ,   418   

  Cover factor  ,   125   
  Cu (I)-Catalyzed Azide–Alkyne Cycloaddition 

(CuAAC)  ,   282   ,   284    
  CWAs   . See  Chemical warfare agents (CWAs)    

 D 
  Dess–Martin periodinane method  ,   641   
  Diels–Alder (DA) reaction  ,   279   ,   281   
  Differential expansive bleeding (DEB)  ,   589   
  Differential scanning calorimetry (DSC)  ,   317   , 

  685   ,   690   ,   691     

 E 
  EAPs   . See  Electroactive polymers (EAPs)  
  Electrically conducting polymers (ECPs) 

 carbon cloth  ,   459–460  
 challenges  ,   459   
 CNT  ,   461   ,   462  
 conductive textiles  ,   442   ,   443   ,   445   
 discovery  ,   453  
 external surface area  ,   453  
 graphene  ,   460–461  
 PANI  ,   454–455  
 polypyrrole  ,   455–458  
 polythiophene  ,   458   

  Electroactive coatings (EACs)  ,   79–80   
  Electroactive polymers (EAPs) 

 adsorption  ,   67  
 application  ,   68  
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 bioactivity  ,   68  
 biomimetic sensors  ,   72   
 classifi cation  ,   54   ,   55   
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 Electroactive polymers (EAPs) ( cont. ) 
 controllable delivery devices  ,   69   ,   70    
 covalent binding  ,   68  
 dielectric properties  ,   55   ,   57   
 doping process  ,   62   ,   68   
 electropolymerization process  ,   60   
 entrapment  ,   68  
 hydrogels 

 composition  ,   64   
 drug delivery approaches  ,   65  
 IPNs  ,   66  
 performance of  ,   65  
 transport of ions  ,   65  
 versatility  ,   65  

 medical devices  ,   72   
 nanocomposites  ,   74–76    
 PANi  ,   57   ,   60   
 properties  ,   67  
 redox reactions 

 chronoamperometry  ,   64  
 cyclic voltammetry  ,   63  
 impedance spectroscopy  ,   64  
 linear sweep voltammetry  ,   63  
 reduction reversibly  ,   63  
 swelling/deswelling and 

electroactivity  ,   63  
 SMPs  ,   77   
 water-soluble polymers  ,   71   ,   72    

  Electrochemical double-layer capacitors 
(EDLCs)  ,   450   ,   451   

  Electroless plating technique  ,   441   
  Emulsion polymerization  ,   257   ,   580   ,   581   ,   584   , 

  626   ,   636   
  Energy storage devices 
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 electrochemical capacitors 

 asymmetric hybrids  ,   452  
 battery-type hybrids  ,   452  
 composite electrodes  ,   451  
 EDLCs  ,   450   ,   451  
 pseudocapacitors  ,   451  

 supercapacitors  ,   449–450   
  E-textiles  ,   125   
  Evaporative deposition techniques  ,   441   
  Explosives (EXs) 

 amplifi cation  ,   567  
 chemoselective polymers  ,   566  
 classifi cation  ,   560  
 conductive polymers 

 fl uorescence technique  ,   562  
 multiphoton excitation  ,   563  
 pentiptycene  ,   562  
 polymetallole fi lms  ,   564  
 polysilanes  ,   564  

 polythiophenes  ,   564  
 pyrene  ,   563  
 rigid structure  ,   564  
 taggants, detection  ,   564  
 TNT and RDX  ,   564  
 trace detection  ,   564  

 fi ngerprint residues  ,   567  
 fl uorescence quenching  ,   567  
 forensic and criminal investigations  ,   554  
 hydrogen peroxide  ,   568   
 hyperbranched structures  ,   567   
 MIPs  ,   565–566  
 PEG polymer coating  ,   566–567  
 sensitivity  ,   568  
 sensor array  ,   566  
 trace detection  ,   568  
 vapor detection  ,   560  
 visual sensing  ,   567     

 F 
  Faradaic and non-Faradaic processes  ,   451   
  Food safety 

 active and smart fi lms  ,   254   ,   255   
 antioxidant carbohydrate fi lms 

 characterization  ,   261   ,   263  
 food waste reduction  ,   261  
 lipid oxidation  ,   261  
 synthetic antioxidants  ,   261   

 mechanical properties  ,   259  
 microencapsulation  ,   265   ,   266  
 microparticle charge  ,   260  
 microparticle preparation  ,   256   ,   257   
 microparticle size  ,   260  
 morphological characterization  ,   258  
 spectroscopy characterization  ,   258   
 thermal characterization  ,   259  
 TTI 

 fi lm characterization  ,   265   
 real-time indication  ,   264  

 water and humidity  ,   259   ,   260   
  Förster resonance energy transfer (FRET)  ,   623   
  Fourier Transformed Infrared Spectroscopy 

(FTIR)  ,   315    
  Freeze drying method  ,   257   
  Fricke model  ,   358     

 G 
  Giordano model  ,   360   
  Gold nanoparticles (GNPs) 

 aptamer hydrogels  ,   187  
 IPN  ,   366  
 smart polymers  ,   17   ,   18      
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 H 
  High-performance coatings   . See  Waterborne 

coatings  
  Hot-dipped galvanized steel  ,   502–503     

 I 
  Impedance spectroscopy (IS)  ,   685   ,   693–695      
  Interpenetrating polymer networks (IPNs) 

 electrical active systems  ,   368  
 magnetic-active  ,   368  
 photosensitive polymers  ,   367  
 pH-responsive nanocomposites  ,   367  
 thermosensitive nanocomposites  ,   366–367     

 J 
  Johnson-Kendall-Roberts (JKR) theory  ,   614     

 K 
  Kirkpatrick model  ,   360     

 L 
  Layered double hydroxides (LDHs)  ,   388   ,   

421   ,   527   
  Lewis–Nielsen model  ,   358   
  Lichtenecker model  ,   360   
  Linear sweep voltammetry (LSV)  ,   244   
  Liposome method  ,   257   
  Lower critical solution temperature (LCST)  ,   3     

 M 
  Mamunya model  ,   361    
  Maxwell–Eucken model  ,   358    
  Maxwell–Wagner model  ,   361   
  Melt intercalation method  ,   383   
  Mesoporous silica 

 chemotherapy  ,   16  
 classifi cations  ,   15  
 controllable drug delivery system  ,   17  
 ill effects  ,   16  
 macromolecular dissociation  ,   17  
 materials 

 biomedical devices  ,   43  
 drug loading capacity  ,   39   ,   41  
 gene delivery  ,   41   ,   42  
 long-chain hydrocarbon 

octadecyltrimethoxysilane  ,   41  
 reductive-responsible disulfi de  ,   41  

 nanogates  ,   15  
 nanomedicine  ,   15  

 pH-response  ,   17  
 surface attachment  ,   16   

  Microencapsulation 
 chemical and physical/mechanical  ,   580  
 coacervation/phase separation  ,   581  
 co-extrusion process  ,   583  
 emulsion polymerization  ,   580  
 fl uidized bed coating  ,   583  
 interfacial polycondensation  ,   580   
 layer-by-layer deposition  ,   583  
 microspheres  ,   578   
 monocored, polycored, and matrix  ,   579  
 polymer precipitation  ,   583  
 polymeric microparticles  ,   579  
 production  ,   578  
 shell morphology  ,   580  
 smart materials  ,   578  
 smart polymers 

 alkoxyamine’s isolation  ,   586  
 amphiphilic polymer  ,   585  
 ATRP  ,   585  
 colloidal stabilizers  ,   584  
 CRP  ,   585  
 CuAAC reaction  ,   587  
 emulsions  ,   584   
 nanoparticles  ,   584  
 NMP  ,   586  
 PEG reaction  ,   586  
 RAFT  ,   585–586  
 t-butyl groups  ,   585  

 solvent evaporation/extraction  ,   581  
 spinning disk technique  ,   584  
 spray drying  ,   581, 583  
 stimuli-responsive polymers 

 anode and adjoining areas  ,   597  
 biologically responsive polymer  ,   593  
 controllable alteration/modifi cation  ,   596  
 drug carriers  ,   593   
 gelling ability  ,   593  
 glucose-responsive polymers  ,   593  
 intrinsically hydrophobic multilayers  ,   596  
 light-sensitive polymers  ,   596   
 PCM  ,   590–593  
 pharmaceutical and biological 

therapeutics  ,   593  
 phase transition  ,   596  
 pH changes  ,   595   
 pH regions and gradients  ,   596  
 pH sensitivity  ,   597  
 polybases bearing  ,   595   
 self-healing agents    

(see  Self-healing agents )  
 synthetic materials  ,   594  
 thermo-sensitive polymers  ,   594   ,   595  
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 Microencapsulation ( cont. ) 
 supercritical fl uid technique  ,   584  
 suspension cross-linking  ,   581   

  Molecularly imprinted polymers (MIPs)  ,   558   , 
  565–566   

  Multifunctional materials 
 biodegradable polymer composite  ,   349–350  
 biotechnology 

 biocompatibility and biosafety  ,   347  
 biosensor sensitivity  ,   347  
 diagnosis  ,   346  
 drug molecules  ,   346  
 iron oxide  ,   346  
 rapid identifi cation  ,   347  
 superparamagnetism  ,   345   ,   346  

 drug and diagnostic agents  ,   338  
 gold nanostructures  ,   342–343  
 metallopolymers  ,   348  
 polymeric micelle  ,   339–340  
 polymeric microcapsules  ,   340–342  
 polymer–polyelectrolyte complex  , 

  343–345     
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  Nan model  ,   359   
  Natural fi ber welding  ,   446   
  Nitroxide-mediated polymerization (NMP) 

reaction  ,   156   ,   157   ,   586   
   N -methylolacrylamide (NMA)  ,   627   ,   628   ,   634     
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  Oil industry  ,   43   ,   44   
  Optical sensors 

 advantages  ,   539  
 chemical information  ,   538  
 classes  ,   538  
 components  ,   538  
 disadvantages  ,   540  
 effective strategy  ,   539  
 performance features  ,   539  
 principles  ,   539  
 sol-gel method 

 ammonia and nitrogen dioxide  ,   546  
 characteristics  ,   542   
 complementary techniques  ,   544  
 compound incorporation  ,   541–542  
 Coumarin 1  ,   549  
 diversity  ,   541  
 double layer fi lm  ,   548  
 encapsulation  ,   542   ,   544  
 food industry  ,   550  
 hydrophobicity  ,   545  

 indicator-matrix interaction  ,   545  
 ions, detection  ,   547   
 O 2  and CO 2   ,   549  
 organosilanes bearing  ,   544  
 ORMOSIL sensing  ,   546  
 performance evaluation  ,   544  
 pH indicators  ,   543   ,   548  
 pH monitoring  ,   550  
 process  ,   540  
 smart coatings  ,   549  
 textural modifi cation  ,   545  
 VOCs  ,   548  

 transducers  ,   538     

 P 
  Phase-change materials (PCM)  ,   590–593   
  Piezospectroscopy (PS) 

 alumina 
 carbon nanotubes  ,   93  
 elastic properties  ,   96  
 load transfer  ,   95   
 material confi guration  ,   94   
 multiscale mechanics  ,   96   
 reinforced composites  ,   93   ,   94  
 stress measurement  ,   94   ,   95  
 stress sensitivity  ,   95  
 tribological properties  ,   93  

 data collection  ,   100   ,   101  
 fi ber optics  ,   100  
 open-hole tension testing  ,   97–99     
 optical emissions  ,   92   

  Polyaniline  ,   130   ,   454–455   
  Polymer nanocomposites 

 characterization  ,   356  
 classifi cation  ,   356–358  
 dielectric constant  ,   359–360  
 electrical active systems  ,   368  
 electrical conductivity 

 Kirkpatrick model  ,   360  
 Mamunya model  ,   361   
 Maxwell–Wagner model  ,   361  

 magnetic-active polymers  ,   368  
 microstructure evaluation 

 electron tomography  ,   364  
 mechanical tests  ,   365  
 microscopy  ,   363–364  
 permeability measurements  ,   365  
 rheology  ,   361–362  
 thermal analysis  ,   366  
 UV-VIS spectrometry  ,   363  
 X-ray diffraction  ,   364–365  

 PDMA  ,   367   
 photosensitive polymers are  ,   367  
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 pH-responsive  ,   367  
 thermal conductivity 

 Barzic model  ,   359  
 Fricke model  ,   358  
 Lewis–Nielsen model  ,   358  
 Maxwell–Eucken model  ,   358  
 Nan model  ,   359  
 Springer–Tsai model  ,   358  
 Vysotsky model  ,   359  

 thermosensitive  ,   366–367   
  Polymer surfaces 

 bio-related applications  ,   115   ,   116  
 biosensors  ,   116   
 immobilization  ,   106  
 micro- and nanometer-scale topography 

 microcontact printing  ,   113  
 patterning techniques  ,   113   
 surface structuring  ,   112  

 optical sensors  ,   116  
 phase separation  ,   106  
 photochemical stimulation  ,   107   
 pH-sensitive polymers  ,   106  
 reversible adhesives  ,   117  
 smart interfaces 

 electroactive polymers  ,   109  
 graft polymerization/solvent 

bath  ,   110   
 multiresponsive surfaces  ,   111   
 photo-responsive polymers  ,   109   
 pH-responsive surfaces  ,   108   
 physisorption  ,   108  
 surface reorganization  ,   110  
 temperature-responsive surfaces  ,   108  

 static electric fi elds  ,   108  
 surface wettability control  ,   114   ,   115  
 thermoresponsive polymers  ,   106  
 thermosensitive polymers  ,   106  
 UCST  ,   107   

  Poly(oligo(ethylene glycol)-oxalate) 
(POEGO) 

 ATR spectroscopy  ,   685  
 attenuated total refl ectance  ,   691   ,   692  
 DSC  ,   685   ,   690   ,   691  
 Li-POEGO and Li-POEGO–Li-hectorite 

nanocomposites    (see  AC impedance 
spectroscopy )  

 lithiation 
 nanocomposites  ,   684   ,   685  
 polymer–salt complex  ,   684  
 sodium hectorite  ,   684   

 TGA  ,   685   ,   688   ,   690  
 XRD  ,   685   ,   686    

  Polypyrrole (PPY)  ,   455–458   
  Polythiophene (PTH)  ,   458   

  Poly(3,4-ethylenedioxythiophene) (PEDOT) 
 absorption peaks  ,   235  
 active catalysts  ,   234  
 anticorrosion properties  ,   232   
 conjugated polymers  ,   232  
 dispersions  ,   231  
 electrocatalytic properties  ,   232   
 Goretex membranes  ,   234   ,   235  
 light illumination  ,   235  
 mechanism of  ,   231  
 recombination reactions  ,   232  
 thin fi lms  ,   231   

  Polyurethane (PU) 
 applications  ,   307   ,   310  
 chain extenders  ,   296   ,   297  
 crystallinity  ,   294  
 isocyanate  ,   296  
 polyols  ,   295   ,   296   
 shape memory effect 

 chemical/physical cross-links  ,   
299   ,   300  

 commercial products  ,   300  
 elastomer  ,   299   
 petrochemical-based PU  ,   301   ,   302   
 phase separations  ,   297  
 properties  ,   298   
 renewable resources  ,   301  
 stimulus types  ,   299  
 vegetable oil  ,   303   ,   307    

  Polyvinylidene fl uoride (PVDF) 
 actuators  ,   325   ,   326  
 β-phase measurement 

 crystalline structures  ,   318  
 DSC  ,   317  
 electrical poling  ,   318  
 FTIR  ,   315   
 stretching process  ,   318   
 XRD  ,   316   ,   317  

 electric displacement  ,   321   
 loss in dielectric materials  ,   323  
 nanogenerators  ,   326   ,   328   
 permittivity  ,   322   ,   323   
 piezoelectric charge constant  , 

  319   ,   320   
 piezoelectric properties  ,   324  
 polarization-electric fi eld  ,   321  
 polymorphisms  ,   314  
 sensors  ,   324   ,   325  
 voltage response  ,   320   ,   321     

 R 
  Reversible addition/fragmentation chain 

transfer (RAFT)  ,   585–586      
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 S 
  Scanning electron microscopy (SEM)  ,   388    
  Self-healing agents 

 accelerated crack propagation  ,   588  
 advantage  ,   589  
 aerospace industry  ,   590   
 benefi cial features  ,   589  
 bleeding  ,   589  
 cyclic dienes  ,   588  
 cycloaddition reactions  ,   590  
 delicate and brittle polymer  ,   588  
 electrical stimulation  ,   589  
 electrorheological/magnetorheological 

fl uids  ,   589  
 fast and effective execution  ,   587  
 ionic interaction  ,   590   
 magnetic materials  ,   589  
 nanoparticles  ,   590  
 rigidity  ,   588  
 self-repairing composite  ,   588  
 SPM  ,   588  
 stress  ,   589   
 thermal stimuli-responsive material  ,   588   

  Self-healing coatings 
 defi nition  ,   480  
 healing agents 

 ceramic pigments  ,   484   
 microvascular systems  ,   486  
 nanocontainers  ,   485  
 nanoparticles  ,   484  
 sacrifi cial metal pigments  ,   484  

 inorganic coatings  ,   481  
 layer-by-layer deposition  ,   486–489  
 methods  ,   490  
 organic coatings 

 epoxy resins  ,   482  
 hybrid coating  ,   483  
 paints  ,   483  
 polymers  ,   482  

 repairing agent  ,   480  
 sol–gel process  ,   489–490   

  Self-healing polymer 
 ATRP 

 alkyne end-functionalized polymers  ,   287   
 azide end-functionalized polymers  , 

  286–287  
 chain-end-functionalized polymers  ,   273  
 covalent bond formation  ,   276   
 design of  ,   273  
 diene-/dienophile-functionalized 

polymers  ,   287–289  
 encapsulation method  ,   278  
 ene-containing polymers  ,   289–290  
 functional groups  ,   273  

 functional polymers  ,   272  
 mechanisms  ,   274  
 non-covalent bond formation  ,   274–276    
 semi-encapsulation methods  ,   277   ,   278  
 thiol-containing polymers  ,   289  

 click chemistry 
 characteristics  ,   279  
 CuAAC  ,   282   ,   284   
 DA reaction  ,   279   ,   281  
 mild reaction conditions  ,   278  

 conductivity  ,   515  
 defi nition  ,   512  
 electrohydrodynamics  ,   515   
 hollow fi ber embedment  ,   513  
 layer-by-layer method  ,   523–524  
 mechanical damage 

 DA/RDA reactions  ,   517  
 dicyclopentadiene/Grubbs’ catalyst  ,   516  
 electronic interactions  ,   519   
 epoxy matrix  ,   517  
 fi brous scaffolds  ,   519  
 microscale scratch  ,   517  
 -ureido-4-pyrimidone  ,   518   

 microcapsules 
 delamination and blistering  ,   520  
 embedment  ,   513  
 emulsions  ,   520  
 interfacial polymerization  ,   520  
 linseed oil  ,   521  
 mechanism  ,   521  
 organic/inorganic reinforcing  ,   522  
 SEM analysis  ,   520  
 water-repelling agents  ,   521  

 porous inorganic materials 
 bentonite and montmorillonite  ,   525–526  
 cation-exchange resin  ,   529  
 corrosion inhibitors  ,   524   
 cyclodextrins  ,   529   
 halloysite  ,   527–528  
 LDHs  ,   527  
 porous nanoparticles and hollow 

spheres  ,   528–529  
 zeolites  ,   526  

 reversible cross-links 
 covalent  ,   513  
 non-covalent  ,   514–515   

  Shape memory effect 
 chemical/physical cross-links  ,   299   ,   300  
 commercial products  ,   300  
 elastomer  ,   299   
 petrochemical-based PU  ,   301   ,   302   
 phase separations  ,   297  
 properties  ,   298   
 renewable resources  ,   301  
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 shape memory alloy wires  ,   515–516  
 SMPs fi bers  ,   515–516  
 stimulus types  ,   299  
 vegetable oil  ,   303   ,   307    

  Shape memory polymers (SMPs)  ,   
77   ,   367   

  Silane resin coatings 
 anodic oxidation fi lm  ,   503–504  
 antibiofouling  ,   506–507  
 crack formation  ,   496  
 deterioration 

 concrete  ,   504–506  
 rocks and conservation  ,   506  

 history  ,   495  
 hot-dipped galvanized steel  ,   502–503  
 organic polymers  ,   494   
 polysiloxane  ,   496  
 properties  ,   497–499  
 silicone and silicate  ,   495   ,   496  
 spray coating 

 ceramics and cement  ,   499   ,   500  
 corrosion resistance  ,   499  
 sealing agents  ,   500–502  
 zinc, aluminum, and magnesium  ,   499  

 ultraviolet light  ,   496   ,   497   
  Small angle neutron scattering (SANS)  ,   623   
  Smart polymer microparticles (SPM)  ,   588   
  Smart polymers 

 actuators  ,   37   ,   39  
 applications  ,   30  
 AR coatings  ,   35   ,   36   
 automobiles, aerospace, and textile 

fabrics  ,   46   
 biological triggers  ,   152  
 chemical triggers  ,   151   ,   152  
 controlled radical polymerization 

 ATRP reaction  ,   154   ,   155   
 click chemistry strategy  ,   157   ,   158  
 low termination rate  ,   153  
 NMP reaction  ,   156   ,   157  
 RAFT polymerization  ,   156  

 corrosion resistance coatings  ,   37   
 environmental changes  ,   28  
 food safety    (see  Food safety )  
 gold nanoparticles  ,   17   ,   18   
 hydrophilicity/hydrophobicity  ,   29  
 magnetic nanoparticles 

 dual stimuli-responsive 
nanospheres  ,   14  

 heat generation  ,   13  
 iron oxide nanoparticles  ,   14  
 macromolecular conformational 

alterations  ,   13   
 noninvasive control methods  ,   12  

 “ON/OFF” magnetic fi eld oscillation 
periods  ,   13  

 physicochemical alterations  ,   14  
 mesoporous silica 

 biomedical devices  ,   43  
 chemotherapy  ,   16  
 classifi cations  ,   15  
 controllable drug delivery system  ,   17  
 drug loading capacity  ,   39   ,   41  
 gene delivery  ,   41   ,   42  
 ill effects  ,   16  
 long-chain hydrocarbon 

octadecyltrimethoxysilane  ,   41  
 macromolecular dissociation  ,   17  
 nanogates  ,   15  
 nanomedicine  ,   15  
 pH-response  ,   17  
 reductive-responsible disulfi de  ,   41  
 surface attachment  ,   16  

 nanogels 
 component  ,   10  
 grafting/blending  ,   12  
 pH reactive nanogels  ,   11   
 positive thermosensitive hydrogels  ,   11  
 techniques  ,   12  
 temperature-induced changes  ,   10   
 thermoreversible gels  ,   11  
 VPTT  ,   10  

 nonstick- and self-cleaning coatings  , 
  30–32    

 oil industry  ,   43   ,   44  
 physical triggers  ,   151   
 post/prepolymerization methods  ,   28  
 self-assembled supramolecular 

morphologies  ,   158   ,   159   
 self-healable materials  ,   33   
 stimuli-responsive polymers 

 anionic polymers  ,   7   
 di/triblock copolymers  ,   3  
 dual-responsive systems  ,   8  
 evaluation  ,   6  
 hydrophobicity  ,   4   
 in vivo application  ,   5  
 LCST  ,   3  
 macromolecular chimeras  ,   9  
 pH-sensitive polymers  ,   6   
 PNIPAAm- b -PSt micelles  ,   4   ,   5  
 polyphosphoester block copolymer 

system  ,   7  
 rat oral studies  ,   7  
 solubilization  ,   6  
 temperature response  ,   7  
 thermal nanoparticles  ,   9  

 structure and properties  ,   150   

Index



708

  Smart textiles 
 carbon-based textiles  ,   439  
 civil and industrial application  ,   136   ,   139   
 construction methods  ,   132   
 defi nition  ,   438  
 design principles  ,   123   ,   124   ,   126    
 electrical conductivity  ,   438   ,   439   
 energy applications  ,   440  
 fabrics  ,   122   
 materials  ,   127   ,   130   
 medical monitoring and guidance  ,   135   ,   136   
 metal-based textiles  ,   439  
 military and aerospace  ,   134   
 natural and synthetic polymer fi bers  ,   

439   ,   440  
 nonconductive textiles  ,   440  
 polymer-based textile sensors  ,   123   
 textile transducers  ,   122   

  Sol-gel method 
 ammonia and nitrogen dioxide  ,   546  
 characteristics  ,   542   
 complementary techniques  ,   544  
 compound incorporation  ,   541–542  
 Coumarin 1  ,   549  
 diversity  ,   541  
 double layer fi lm  ,   548  
 encapsulation  ,   542   ,   544  
 food industry  ,   550  
 hydrophobicity  ,   545  
 indicator-matrix interaction  ,   545  
 ions, detection  ,   547   
 O2 and CO2  ,   549  
 organosilanes bearing  ,   544  
 ORMOSIL sensing  ,   546  
 performance evaluation  ,   544  
 pH indicators  ,   543   ,   548  
 pH monitoring  ,   550  
 process  ,   540  
 smart coatings  ,   549  
 textural modifi cation  ,   545  
 VOCs  ,   548   

  Solution exfoliation method  ,   383   
  Split Hopkinson pressure bar (SHPB)  ,   94   
  Spray drying  ,   256   
  Spray coating 

 ceramics and cement  ,   499   ,   500  
 corrosion resistance  ,   499  
 sealing agents  ,   500–502  
 zinc, aluminum, and magnesium  ,   499   

  Springer–Tsai model  ,   358   
  Superhydrophobicity 

 aesthetic appearance  ,   218   ,   219   
 experimental studies  ,   208  
 industrial applications  ,   219  

 lotus leaf and rose petal  ,   206  
 particle concentration  ,   208   ,   210   ,   211  
 particle size  ,   211–213    
 rhodorsil  ,   214   ,   215  
 substrates  ,   216   ,   217   

  Surface acoustic wave sensors (SAWs)  ,   559     

 T 
  Textile supercapacitors 

 biscrolling technique  ,   465  
 ECPs 

 carbon cloth  ,   459–460  
 challenges  ,   459   
 CNT  ,   461   ,   462  
 discovery  ,   453  
 external surface area  ,   453  
 graphene  ,   460–461  
 PANI  ,   454–455  
 polypyrrole  ,   455–458  
 polythiophene  ,   458  

 fabrication process  ,   464  
 materials  ,   452  
 nanomaterials  ,   452  
 p-dodecylbenzenesulfonate  ,   464  
 plain weave model  ,   463  
 planar textile devices  ,   463  
 reduced graphene oxide  ,   467  
 twist-bundle drawing technique  ,   467  
 volumetric capacitance  ,   466   

  Thermogravimetric analysis (TGA)  ,   685   ,   
688   ,   690   

  Time-temperature indicator (TTI) 
 fi lm characterization  ,   265   
 real-time indication  ,   264     

 U 
  Ultraviolet-curable coatings 

 antibacterial coatings  ,   654–656  
 antifog coating 

 AMPS  ,   653   
 dry silica powder  ,   652  
 grafting and block  ,   652  
 hydrophobic and hydrophilic  ,   651  
 poly (ethylene glycol)  ,   652  
 quaternary ammonium salt  ,   653  
 water vapor  ,   651  

 self-cleaning 
 AFM  ,   651  
 FTIR  ,   650  
 gas and liquid phase  ,   648  
 hydrophobic possess  ,   649   
 inorganic/organic hybrid  ,   650  
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 photocatalysis  ,   649  
 reactive monomer functionality  ,   650  
 tensiometers  ,   648  
 Wenzel’s equation  ,   648   ,   649  

 self-healing coatings  ,   653–654  
 VOC  ,   647   

  Upper critical solution temperature (UCST)  ,   107     

 V 
  Vapor phase polymerization (VPP) 

technique  ,   443   
  Vogel–Tammann–Fulcher (VTF) 
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