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Preface

The tailoring of well-defined polymer structures upon the surfaces of solid mate-

rials constitutes the molecular basis for advanced functional surfaces. The recent

advent of a multitude of controlled radical polymerization methods (also called

reversible deactivation radical polymerization according to IUPAC), which greatly

outperform conventional radical polymerization processes with respect to topolog-

ical control, has had a major impact on this field. These methods allow for the

confinement of polymerizations at surfaces, which may lead to polymer brushes and

other surface-bound polymer arrangements. They also provide macromolecular

architectures of stunning complexity with relative ease, which were far beyond

the wildest dreams of polymer chemists just short time ago. These polymers may

have tailored functionalities that can be used for controlling the interface regime

between the solid material and the soft polymer coverage. The functionality may

also be used to arrange polymer chains and particles in a predetermined manner so

that complicated nano-composites emerge. The polymer and its functionality may

finally be used to modulate surface functions. All these benefits are currently fully

exploited for new surface structures for applications in energy conversion, e.g.,

solar cells; nanomedicine, e.g., drug delivery and tagging; and materials science,

where they are used for the design of functional, responsive, or high mechanical

performance nano-composite materials.

This book presents state-of-the art knowledge about all aspects that are impor-

tant when considering controlled radical polymerization and surfaces. It is intended

to guide the interested polymer chemist through the constantly increasing number

of scientific studies and should help to apply this knowledge for tailoring novel

surfaces. The book starts with four chapters which are dedicated to the four major

controlled radical polymerization methods, namely NMP, ATRP, RAFT and

RTCP. In the second part of the book, a chapter deals with the specific situations

in heterogeneous aqueous media, followed by a contribution about post-

modifications of the polymers formed upon surfaces. The book ends with a chapter

about how tailored polymer from controlled radical polymerization can be used to

fabricate nano-composites. All chapters of this book are by leading scientists in the

v



respective fields and I express my sincerest gratitude to them that they have

contributed in this excellent way to this fine book. I am confident that this issue

of APS will help to make further progress in this fascinating field and will help to

stimulate the development of new applications both in the field of polymer chem-

istry and materials science. I am looking forward to these new exciting steps

forward.

G€ottingen, Germany Philipp Vana
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Nitroxide-Mediated Polymerization from

Surfaces

Trang N.T. Phan, Jacques Jestin, and Didier Gigmes

Abstract The current chapter gives a general overview on surface-initiated

nitroxide-mediated polymerization (SI-NMP). More particularly, the developed

strategies to perform an SI-NMP process, the various type of substrates including

inorganic and organic supports, and the potential of SI-NMP to prepared advanced

materials are discussed. Based on a selected number of literature examples it

appears that SI-NMP is a versatile and powerful approach to introduce polymer

brushes on surfaces and/or tune polymer surface properties.

Keywords Grafted or brush polymers • Nitroxide-mediated polymerization •

Planar, spherical, and porous surfaces
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Abbreviations

3-MPS 3-Methacryloxyproyltrimethoxysilane

AFM Atomic force microscopy

AIBN Azobisisobutyronitrile

APTES 3-Aminopropryl triethoxysilane

ATRP Atom transfer radical polymerization

BlocBuilder MA 2-Methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-
dimethylpropyl)aminoxy]propionic acid

BPO Benzoyl peroxide

CNT Carbon nanotube

DLS Dynamic light scattering

DMAc Dimethylacetamide

DMF N,N-Dimethylformamide

DPPC L-Adipalmytoyl-phosphatidylcholine

HEMA 2-Hydroxyethyl methacrylate

LB Langmuir–Blodgett

MAMA-NHS 2-Methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-
dimethylpropyl)aminoxy]-N-propionyloxysuccinimide

MMA Methyl methacrylate

MMT Montmorillonite

MWNT Multiwalled carbon nanotube

NEXAFS Near-edge X-ray absorption fine structure

NMP Nitroxide-mediated polymerization

OMS Ordered mesoporous silica

P3VP Poly(3-vinylpyridine)

P4VP Poly(4-vinylpyridine)

PAA Poly(acrylic acid)

PBA Poly(n-butyl acrylate)
PtBA Poly(tert-butyl acrylate)
PDMAEA Poly(2-dimethylamino ethyl acrylate)

PHPMA Poly(2-hydroxypropyl methacrylamide)

PNIPAM Poly(N-isopropylacrylamide)

PPTEA Poly[2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-yloxy)ethyl

acrylate]

PS Polystyrene

PS-b-PCL Polystyrene-block-polycaprolactone
PSMA Poly[styrene-co-(maleic anhydride)]

RAFT Reversible–addition fragmentation chain transfer

SANS Small-angle neutron scattering

SAXS Small-angle X-ray scattering

SG1 N-tert-Butyl-N-[1-diethylphosphono-(2-2-dimethylpropyl)

nitroxide]

SI-NMP Surface-initiated nitroxide-mediated polymerization

SWNT Single-walled carbon nanotube
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TEM Transmission electron microscopy

TEMPO 2,2,6,6-Tetramethylpiperidinyl-1-oxy

TEMPO-Br 1-Oxo-2,2,6,6-tetramethylpiperidinium bromide

TIPNO 2,2,5-Trimethyl-4-phenyl-3-azahexane-3-oxyl

TSPMA 3-(Trimethoxysilyl)propyl methacrylate

VBC 4-Vinylbenzyl chloride

XPS X-ray photoelectron spectroscopy

1 Introduction

Surface modification with thin polymer films is considered one of the most attrac-

tive ways of obtaining “smart” surfaces in response to external stimuli such as

solvent, temperature, pH, and ions. This modification imparts new surface proper-

ties such as wettability, biocompatibility, corrosion resistance, and friction. Thin

polymer films can either be prepared by spin-coating with a polymeric solution or

by covalent attachment of one end of a polymer chain to the surface. The latter

technique gives rise to polymer brushes [1]. The “grafting-from” approach is one of

two strategies commonly used to attach polymers to a substrate surface. This

approach has been largely developed thanks to controlled or “living” polymeriza-

tion techniques (CLRP), because they allow accurate control over polymer thick-

ness, density, composition, and architecture [2]. Polymerizations can be performed

on substrates exhibiting different topologies, such as planar wafers, spherical

particles, or a confined environment, and are compatible with a broad range of

monomers. Different controlled radical polymerization (CRP) techniques such as

atom transfer radical polymerization (ATRP), reversible–addition fragmentation

chain transfer (RAFT), and nitroxide-mediated polymerization (NMP) have been

used for the preparation of functionalized surfaces [2–4]. However compared with

other CRP techniques, NMP is underexploited and has so far been the subject of

only a few review articles. Indeed, initially, NMP was limited to a small range of

polymerizable monomers (i.e., only styrene and its derivatives). Meanwhile, the

development of more potent nitroxides has greatly expanded the number of mono-

mers (acrylates and acrylamides) compatible with the NMP process [5]. An impor-

tant advantage of surface-initiated NMP (SI-NMP) is that no further addition of

metals or metal complexes is necessary. Hence, no extra purification steps are

required and the likelihood of introducing impurities is also strongly limited. This

specific feature is particularly attractive for applications where the purity of

polymer-based materials is of high importance, such as in biomedical and elec-

tronic fields.

NMP is controlled by the persistent radical effect (PRE) [6] that can be described

as follows: If we consider a diamagnetic compound (RY) that decomposes

homolytically to generate two radical species at both the same time and the same

rate, the PRE occurs when one of the radical species (Y∙) is more persistent than the

other (R∙). Typically, at the early stages of the reaction, the concentrations of the

Nitroxide-Mediated Polymerization from Surfaces 3



two radical species are strictly equivalent. However, after a short period of time

some self-termination reactions of the transient radical (R∙) are unavoidable, lead-

ing to a decrease in its concentration relative to that of the more persistent radical

species. Therefore, recombination of the transient and persistent radicals becomes

progressively favored, rather than self-reaction of the transient radical (Scheme 1).

This specific feature of the PRE explains many highly selective radical cross-

coupling processes, including the NMP process.

Hence, NMP is grounded on a reversible termination equilibrium between

the propagating (macro)radical and the nitroxide (Scheme 2) [5]. Typically, the

nitroxide plays the role of controlling agent and, thanks to the PRE, the growing

polymer chains mainly have a (macro)alkoxyamine-based chemical structure.

These (macro)alkoxyamines (the so-called dormant species) are able to cleave

homolytically to yield the propagating radical and the nitroxide once again. Inter-

estingly, this equilibrium is only ruled by a thermal process.

Initially, NMP was conducted using a bicomponent initiating system (i.e., a

conventional radical initiator in the presence of a nitroxide). Obviously, this system

is attractive from an economic and practical point of view. However, with a

bicomponent initiating system, the polymerization kinetics and the molecular

weight of the polymer chains are difficult to control. Indeed, with conventional

radical initiators it is difficult to exactly determine the number of generated

radicals. Moreover, compared with the radical initiator concentration, a large

excess of nitroxide decreases the polymerization rate by shifting the equilibrium

Scheme 1 Homolytic decomposition of a diamagnetic compound RY, with R∙ being transient and

Y∙ persistent

CH2 C O

Y2

Y1

N

R1

R2

CH2 C

Y2

Y1

+ NO

R2

R1

R R

+ M

Propagation

Initiation

Bicomponent

Monocomponentor N OR

R2

R1

N O

R2

R1

+ R

R R N O

R2

R1

+ N O

R2

R1

+ R
D

D

D

Scheme 2 Mechanism of nitroxide-mediated polymerization
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of the propagating step towards the dormant species. To overcome these drawbacks,

the use of a monocomponent initiating system is preferred. This approach consists

in using an alkoxyamine that decomposes homolytically, under heating, to afford

the corresponding alkyl radical as initiator and nitroxide as controller. The disso-

ciation rate constant of the alkoxyamine is of major importance in ensuring efficient

establishment of the PRE and, therefore, an efficient CRP process [5].

Typically, surface-initiated NMP is achieved by following one of two main

strategies. As an example of the first strategy, a conventional radical initiator is

anchored to the surface and then the polymerization reaction is performed in the

presence of free nitroxide, which allows the in situ formation of (macro)

alkoxyamine. In the second strategy, a preformed alkoxyamine is first attached to

surface; in this case, the initiation and polymerization control proceeds from a

monocomponent system. Depending on the chemical nature of the surface sub-

strate, various strategies can be envisioned for grafting the initiator to the surface.

For instance, initiator anchoring can be achieved using covalent bonding, electro-

static interaction, or even hydrogen bonding. The nitroxides frequently used for

SI-NMP are TEMPO, TIPNO, and SG1 (see Fig. 1 for structures).

This review focuses on NMP initiated from the surface of different substrates

such as silicon, metal oxide, carbon, and polymer. The possible architecture and

composition of polymer chains grown from the surface is also discussed. Applica-

tion of surfaces modified with polymer films prepared by NMP is briefly described.

2 Variation of Substrates

SI-NMP has proven efficient for the growing of polymer chains from various

substrates. To reach this goal, the surface is usually modified with a suitable

initiator or mediator, introduced in either a single step or via a multistep procedure.

In this section, the preparation of grafted polymer via SI-NMP from different

substrates such as silicon oxide, metal oxide, metal and semiconductor, mineral

clay, carbon-based materials, and polymer surfaces is discussed. For each class of

substrate, the discussion focuses on the surface chemistry available for introducing

functional groups that allow SI-NMP.

TEMPO TIPNO SG1

N

O

N

O

N

O

P(O)(OEt)2

Fig. 1 Structure of nitroxides frequently used for SI-NMP. TEMPO 2,2,6,6-tetramethylpi-

peridinyl-1-oxy; TIPNO 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl; and SG1 N-tert-butyl-N-
[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide
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2.1 NMP from Silicon Oxide Surfaces

Silicon oxide is probably one of the most studied substrates used to graft polymer

chains via NMP. Typically, silicon wafers, glass, quartz slides, porous and

non-porous particles, as well as membranes are used in the SI-NMP process.

To introduce a functional group that can initiate or mediate SI-NMP from silicon

oxide surfaces, organosilane is often used. Prior to the grafting step, silicon oxide

materials are first treated with a H2SO4/H2O2 mixture or oxygen plasma to clean the

surface and optimize the number of silanol groups involved in further reaction. In

this case, a thin layer of water is formed on the silicon oxide surface. The

introduction of organosilane onto this surface is obtained after surface adsorption,

hydration, and salinization steps. In this procedure, the silanol functions (Si–OH)

present at the silicon oxide surface are able to undergo a condensation reaction with

different types of organosilane reagents, such as R-SiMe2Cl, R-SiCl3, or R-Si

(OMe)3, and R-Si(OEt)3, leading to siloxane bonds Si–O–Si [7].

2.1.1 NMP from Silicon Oxide Planar Surfaces

The first example of polymer synthesis from SI-NMP was reported by Hawker’s
group [8]. The authors immobilized a TEMPO-based alkoxyamine on the surface of

an oxidized silicon wafer via the reaction of chlorosilane groups present on the

alkoxyamine with the silanol groups of the oxidized silicon wafer in the presence of

triethylamine as catalyst. Then, polystyrene (PS) brushes were obtained from NMP

of styrene. For planar substrates with low specific surface areas, such as silicon

wafer in this example, the concentration of persistent radicals in the reaction

medium is low because of the limited number of initiator molecules on the wafer

surface. To overcome this drawback, a predetermined amount of free alkoxyamine

(called sacrificial initiator) can be added to the reaction mixture to control the

polymerization process (Scheme 3). Addition of this sacrificial alkoxyamine pro-

vides a sufficiently high concentration of free nitroxide in the polymerization

mixture, which controls the polymer chain growth of both immobilized and soluble

initiators. However, the addition of free alkoxyamine leads to the formation of non-

surface-attached polymers, which have to be removed from the resulting polymer

brushes. The authors found that the number-average molecular weight (Mn) and the

dispersity of the grafted PS were similar to those of the free polymer chains in

solution. Following this strategy, homopolymer and random copolymers grafted on

surfaces were prepared with control of molar mass or thickness of the brushes (up to

80 nm), while maintaining low dispersities. The living nature of the polymerization

was demonstrated by re-initiation of the end-capped chains to form the

corresponding block copolymer brushes.

Following this strategy, Hawker and coworkers [9] successfully initiated the

polymerization of tert-butyl acrylate from the surface of oxidized silicon wafer

functionalized with 1 in the presence of the TIPNO-based alkoxyamine 2 and

TIPNO (Scheme 4) [10]. The rapid exchange of free nitroxide between bound

6 T.N.T. Phan et al.



macroalkoxyamines on the surface and nitroxide in solution allowed the controlled

formation of poly(tert-butyl acrylate) (PtBA) chains from surfaces. The thickness

of polymer brushes (100–200 nm) could be controlled by varying the molar ratio of

tert-butyl acrylate and alkoxyamine 2. The PtBA brushes were then patterned using

photolithographic techniques to yield original patterned poly(acrylic acid) chains,

leading to discrete hydrophobic and hydrophilic domains.

TEMPO-functionalized silicon wafers or glass slides were also used to prepare

SI-NMP-made polymer brushes on surfaces [11–19]. Chapel and colleagues

employed a similar system, using an ester instead of ether linkage and

triethoxysilane as reactive anchor group on a C11 spacer [11, 17]. With this reactive

system, molecules spread on water gradually become amphiphilic when

triethoxysilane end groups are converted to trihydroxy groups. Taking advantage

of this amphiphilic character, stable monolayers of various densities can be depos-

ited by the Langmuir–Blodgett (LB) technique onto silicon wafers. Hydrolysis

and/or condensation of the triethoxysilane end groups allows formation of a Si–

O–Si covalent bond with the oxidized silicon wafer. Surface-initiated styrene

polymerization was performed on a system with different initiator densities. In

addition, immobilization of alkoxyamine initiators and subsequent surface-initiated

styrene polymerization was performed on an atomic force microscopy (AFM) tip by

LB transfer [12].

Si/SiO2

O

O

Si
R R

Cl

8

+

Toluene/Et3N

RT, 18h

Si/SiO2

O
N

O

O

Si
R R

O

125°C, 24h

Si/SiO2

O

Si
R R

O

O

n

8

8

N

N

N

Scheme 3 Styrene SI-NMP from silicon wafer grafted with a TEMPO-based alkxoyamine

O
O

Si

R

R

Cl 8
O

1 2

N N

Scheme 4 Structure of alkoxyamines used for SI-NMP of tert-butyl acrylate on oxidized silicon

wafer. Reported by Hawker and coworkers [9]
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LB lithography for spatially controlled attachment of initiator to form regular

stripes of PS and poly(n-butyl-acrylate) (PBA) brushes was reported by Studer and

coworkers [16]. Mixed monolayers of L-adipalmytoyl-phosphatidylcholine (DPPC)

and TEMPO-derived alkoxyamines 4 or 5 (Scheme 5) were transferred by the LB

technique onto oxidized silicon wafer in regular stripes with submicrometer lateral

dimensions. Physisorbed DPPC was removed by washing, and NMP of styrene

from the surface of silicon wafer covalently bonded to 4 was performed at 125�C
for 24 h in the presence of 6 as sacrificial polymerization regulator. NMP of n-butyl
acrylate was conducted with a surface modified with 5 in the presence of 7 at 105�C
for 24 h. Polymer stripe width was controlled by the concentration of alkoxyamine

in the mixed phase and adjusted from about 0.2 to 1.3 μm. The height of the stripes

increased to 8� 0.2 nm for PS and 4.7� 0.2 nm for PBA (Scheme 6).

LB reactive deposition was also employed for anchoring of triethoxysilyl

alkoxyamine derivatives of TEMPO 8, SG1 9, and TIPNO 10 nitroxides to silicon

substrates (Scheme 7) [17]. The nitroxide polarity and, therefore, the behavior of

the corresponding alkoxyamine at the air–water interface of the LB trough had a

O

4 (R=Me, X=H)

5 (R=Et, X=OMe)

N

R

R

R

R

OSi

EtO

EtO

EtO 9

X

O N
O N OMe

6 7

Scheme 5 Alkoxyamines and nitroxide used for SI-NMP of tert-butyl acrylate on oxidized silicon
wafer. Reported by Studer and coworkers [16]

Scheme 6 (a) AFM image of surface after SI-NMP of styrene with 5. (b) AFM image of surface

after SI-NMPP of n-butyl acrylate with 5 (insets show cross-sections; scale bars: 2.5 μm).

Reproduced from Brinks et al. [16] with permission from Wiley
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strong influence on the grafting density and the stretching of the resulting PS

brushes. The TEMPO- and TIPNO-based alkoxyamines yielded relatively dense

PS brushes, whereas the SG1-based alkoxyamine yielded brushes with low grafting

densities and stretching as a consequence of the polar phosphorylated group.

Surface-tethered styrene-based homopolymer and diblock copolymers brushes

bearing fluorinated alkyl side groups or ethylene glycol oligomers were produced

with controlled chemical architecture and high coverage using SI-NMP on planar

oxidized silicon surfaces [14, 15]. The silicon oxide surfaces were first modified

with a chlorosilyl-functionalized TEMPO derivative (Scheme 8). In the case of

diblock copolymer brushes, the second block was always detected at the polymer–

air interface, as shown by angle-resolved X-ray photoelectron spectroscopy (XPS)

and water contact angle measurements. Near-edge X-ray absorption fine structure

(NEXAFS) analysis revealed an orientation of fluorinated side chains that could be

correlated with surface stability upon exposure to water. Surface grafted with oligo

(ethylene glycol)-containing polymer brushes possessed a superior ability to inhibit

protein and cell adhesion compared with surface assemblies with deposited oligo

(ethylene glycol).

Tethered alkoxyamines were also obtained in situ following a two-step proce-

dure. First, 3-(trimethoxysilyl)propyl methacrylate (TSPMA) was attached to the

surface. Then, the methacrylate function was allowed to react, under heating, with

AIBN in the presence of TEMPO to afford the corresponding alkoxyamines. From

this alkoxyamine-coated silicon, PS and poly(2-hydroxyethyl methacrylate)

(HEMA) were then successfully prepared [20]. The novelty of this report is that

micropatterning of the silicon surface was controlled by a combination of SI-NMP

and SI-ATRP. The ATRP initiator was covalently immobilized via UV-induced

hydrosilylation of 4-vinylbenzyl chloride (VBC) with the (hydrofluoric acid-

etched) hydrogen-terminated silicon (Si–H) microdomains to produce a

micropatterned and Si–C bonded VBC monolayer.
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Recently, Studer and coworkers [19] prepared polymer brushes bearing

α-hydroxyalkylphenylketone moieties as photoreactive polymer backbone using

SI-NMP with 11. Photoreactive polymer brushes (with thickness up to 60 nm) can

undergo Norrish type I photoreaction upon irradiation to give surface-bound acyl

radicals, which are trapped with functionalized nitroxides to give the corresponding

acylalkoxyamines. This post-polymerization modification provided functionalized

polymer brushes bearing cyano, poly(ethylene glycol), perfluoroalkyl, and biotin

moieties.

Vapor phase polymerization from SI-NMP of various vinylic monomers resulted

in polymer brushes with greater thicknesses than those formed by the solution phase

process [21]. To explain this result, the authors supposed a more efficient reaction

on the surface as a result of prolongation of the mean path of vaporized monomers

in a vacuum, higher thermal energy of the monomer, and the possibility of adjusting

the reaction parameters independently. Thin films of PS grafted polymer, poly

(acrylic acid) (PAA), poly(2-hydroxypropyl methacrylamide) (PHPMA), and

poly(N-isopropylacrylamide) (PNIPAM) were prepared with thicknesses of a few

nanometers to submicrometers. This process was also used for the preparation of

block copolymers (e.g., PS-b-PAA and PAA-b-PS-PHPMA). It is important to

mention that solution phase polymerization of AA, HPMA, and NIPAM is impos-

sible with TEMPO-based alkoxyamines.

SI-NMP can also be carried out using an initiator/nitroxide bimolecular system

[22]. In this strategy, an azo-based initiator functionalized with chlorosilyl groups

was first attached to the silicon wafer after immersion of the substrates in a toluene

solution containing the azo derivatives. The formation of PBA brushes with thick-

ness of 4–14 nm using two different azo initiators (AMCl and ATCl) was performed
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O
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Scheme 8 Synthesis of surface-grown styrene-based homopolymer and diblock copolymer

brushes bearing fluorinated alkyl side group and ethylene glycol oligomer
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in the presence of SG1 as controlling agent (Scheme 9). Elaboration of block

copolymers by re-initiation of PBA growth from macromolecular chains grafted

on a flat substrate with different monomers was also achieved.

Recently, SI-NMP using a bimolecular system was applied to the preparation of

PS brushes. In this study, the initiator sites were generated from the silicon wafer

surfaces by treating the latter with hydrogen plasma at atmospheric pressure

[18]. According to the authors, the dissociation of molecular hydrogen in gas

phase collisions produces hydrogen plasma, which can react with surface sites

and surface-adsorbed water to form surface-activated sites. Precise control of

plasma treatment time and radio frequency power allows a dense surface coverage

of radical initiators to be obtained, from which vinyl monomers can combine to

form surface-grafted polymer chains. Growth of PS film was thus achieved in the

presence of TEMPO and exhibited a linear increase with respect to time, resulting

in a polymer layer thickness of 28 nm.

2.1.2 NMP from Silicon Oxide Particle Surfaces

Synthesis

SI-NMP from silicon oxide surfaces has not been confined to planar surfaces, but

has also been extended to colloidal supports as well as particle surfaces. As with

silicon oxide planar surfaces, the most convenient strategy for introducing initiator

onto the SiO2 particle surfaces is to first graft functional alkoxyamines on their

surfaces and then perform the polymerization reaction. A number of TEMPO,

TEMPO-derivative, TIPNO, or SG1-based alkoxyamines bearing trichlorosilane

(–SiCl3), trimethoxysilane [–Si(OMe)3], and triethoxysilane [–Si(OEt)3] as the

functional group have been prepared. A complete review of SI-NMP from SiO2

particle surfaces has been recently published [5]. Chain conformation is a crucial

factor in determining the macroscopic properties (solution, gel, composite, thin

film, etc.) of the final grafted nanoparticle system. NMP enables the preparation of

well-defined grafted silica nanoparticles. Therefore, control of polymerization

opens the way to probe the conformation of the grafted chains at the surface of

the nanoparticles and to analyze whether this conformation is affected by grafting

as a function of various parameters such as the molecular mass of the grafted

chains, grafting density, solvent quality, nature and shape of the surface (surface

curvature), and interactions of nanoparticles in solution.

N N

H3C CNH3C CN

O

O

O

O
ClCl

R RR R

Scheme 9 Chemical structure of the chlorosilyl derivatives of azo initiators ATCl (R¼Cl) and

AMCl (R¼CH3)
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Conformation of Grafted Polymer Chains

Numerous works have been carried out on spherical grafted brushes to predict the

conformation of grafted chains using theory [23, 24] and/or numerical simulations

[25, 26]. Experimental validation is limited to a small number of techniques for

evaluating the typical size of the grafted chain: rheology for the viscosimetric

radius Rη, dynamic light scattering (DLS) for the hydrodynamic radius Rh [27,

28], and small angle X-ray or neutron scattering (SAXS or SANS) for the radius of

gyration Rg. Viscosimetric or DLS measurements give a total value (including the

nanoparticle size) that can be affected by nanoparticle concentration or nanoparticle

aggregation and/or percolation. The accuracy of such determinations can be

improved using SANS combined with neutron contrast variation, enabling direct

determination of the radius of gyration of the grafted chains by matching the

scattering of the core particles while controlling the colloidal stability of the

solution by determination of interparticle structure factors. In solution, contrast

variation is simply performed by adjusting the ratio of hydrogenated and deuterated

solvent to obtain the desired values of neutron scattering length density for both the

particle and the grafted polymer. This was first described by Chevigny et al. [29] for

silica nanoparticles grafted with PS chains. The efficiency of the polymerization

was improved by adding free initiator at the beginning of the reaction. At the final

stage, free polymer chains were removed by ultrafiltration. The grafted brushes

were finely characterized by fitting the SANS curves with different models (core–

shell and Gaussian chain mode) to extract the physical parameters of the grafted

brushes: number of chains per particle, molecular mass, and radius of gyration of

the grafted chains. An example of such a curve is given in Scheme 10a.

A significant feature of the curve is the decrease in intensity as a function of

scattering vector (Q�2) for the high Q region, indicating that the grafted chains are

still Gaussian. The extension of the grafted layer h¼ 2Rg grafted was ~1.30 times

larger than the corresponding Gaussian chain in theta solvent (2Rg bulk, with Rg

bulk¼ 0.275Mw
0.5), as determined by size-exclusion chromatography (SEC) after

the cleaving process. This indicates stretching of the chain at the surface of the

particle. Such a stretching, which can be explained by excluded volume interactions

with lateral neighboring chains, has been described by Alexander in terms of

scaling laws of the grafting density [24]. For a layer grafted on a planar surface,

the extension of the grafted layer is expected to be h¼ a0N
1/3 for a good solvent and

h¼ a0N
1/2 for a theta solvent, where a0 is the monomer length and N the number of

monomers. In addition, the effect of surface curvature r0
2/5 has to be taken into

account; it reduces the extension of the grafted layer to h¼N1/2σ1/2r0
2/5 for the case

of theta solvent [26]. Replacing free initiator by controller (SG1) in the reaction

enables variation of the molecular mass of the grafted chain in the range 5–50 kg.

mol-1 [32]. Whatever the N value, a systematic agreement is found between the

extension of the grafted brush deduced from the fitting analysis h¼ 2Rg grafted and

the theoretical prediction derived from the scaling law h¼N1/2σ1/2r0
2/5. Genevaz

and colleagues (unpublished results) have recently adapted the previous NMP

protocol to the grafting of a diblock copolymer PtBA-b-PS at the surface of silica

12 T.N.T. Phan et al.



particles by associating dynamic light scattering (DLS) and SANS. The motivation

of this work was to make spherical brushes with an interface of tunable dynamics

using a combination of a block (PtBA) with low glass transition temperature (Tg)
and a block (PS) with high Tg. They showed that the diblock conformation behaved

in the same way as the homopolymer chain and that the grafting had no influence on

the chain extension when the chain is close to the Kuhn length. Robbes et al. [33]

grafted PS chains on magnetic nanoparticles (maghemites, γ-Fe2O3) using NMP. In

contrast to the silica “single sphere” particles, in solution maghemites form linear
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Scheme 10 (a) SANS curve of silica nanoparticles with PS-grafted brush in solution (black dots)
and the corresponding fitting calculation (red line). From Chevigny et al. [29]. (b) SANS curve of

silica nanoparticles with PS-grafted brush in melt (black dots) and the corresponding fitting

calculation (red line). From Chevigny et al. [30]. (c) Variation of the grafted brush conformation

as a function of the nanoparticle dispersion in the host polymer matrix. From Chevigny et al. [31]
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clusters of three to four primary particles from which the PS chains grow under

controlled polymerization. It is possible to directly probe the influence of surface

curvature on the extension of the grafted chains for a given grafting density and

under theta solvent conditions; indeed, the extension of the grafted chain

(h¼ 18 nm) was found to be intermediate between the pure spherical case

(h¼ 11 nm) and the pure plan geometry (h¼ 44 nm). Regarding the question of

the conformation of grafted chains in solution, it is interesting to look at the

corresponding conformation in nanocomposites when spherical brushes are mixed

with identical free chains. This was probed by Chevigny et al. [30] using a statistical

hydrogenated–deuterated PS matrix that matched the particle scattering in SANS

experiments; the silica becomes invisible to neutrons in the matrix, and only the

deuterated corona contributes to the signal. The resulting curve (presented in

Scheme 10b) was perfectly fitted by a Gaussian model and showed partial collapse

of the grafted brushes from solution (12 nm) to film (6 nm), corresponding to a wet–

dry transition driven by entropy mixing between the grafted and free chains. By

varying the dispersion state of the nanoparticles inside the matrix, the same authors

[31] demonstrated a second transition from partial to complete collapse of the

spherical brushes, associated with the formation of compact aggregates inside the

film (Scheme 10c).

2.1.3 NMP from Porous Silicon Oxide

In comparison with colloidal particles such as silica or planar surfaces such as

silicon wafer, SI-NMP from ordered mesoporous silica (OMS) has been much less

investigated. Alongside the usual issues of SI-CRP from dense substrates, such as

initiator and deactivator concentration or initiator efficiency, the porous nature of

OMS (high specific surface area, high porous volume, pore morphology, pore

diameter, and pore connectivity) brings to the system new complexity, such as

diffusion of reactants in a confined space. The first SI-NMP from OMS was

performed by Lenarda et al. at the inner surface of MCM-41 mesoporous silica

[34]. Typically, the MCM-41 silica was modified following a three-step grafting

procedure: first, reaction with 3-aminopropyltriethoxysilane, then terephthaloyl

chloride, and finally 1-hydroxy-2-phenyl-2-TEMPO-ethane. The styrene polymer-

ization was shown to occur inside the mesoporous silica channels. It should be

mentioned that partial filling of the pores decreased the surface area of the MCM-41

silica without destroying its structural and morphological characteristics. More

recently, the SI-NMP of styrene was performed from various types of ordered

mesoporous silica particles with different morphologies and pore sizes, using an

SG1-based alkoxyamine derived from BlocBuilder MA initiator [35]. Whatever the

pore morphology and pore size, the polymerization kinetics were similar in all

cases, but with important differences in the molar mass distribution. The authors

showed that for good diffusion of the reactants, large pore sizes of 5 nm were

adequate and that the porous morphology of the particles is of high importance,

particularly pore connectivity.
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2.2 NMP from Metal Oxide Surfaces

SI-NMP from metal oxide surfaces is mainly performed from previously modified

titanium or iron oxide substrates. Titanium oxide (TiO2, d¼ 15 nm) and magnetite

(Fe3O4, d¼ 10 nm) nanoparticles chemically modified with 4-methoxy-TEMPO-

based alkoxyamine by a phosphonic acid group were utilized by Takahara and

coworkers for the preparation of PS (Scheme 11) and poly(3-vinylpyridine) (P3VP)

brushes [36–40]. The grafting densities of PS chains on TiO2 particles were

estimated to be 0.04–0.28 chains nm�2 whereas those on Fe3O4 particles were

0.12–0.2 chains nm�2. Functionalized nanoparticles showed stable dispersibility in

good solvents of PS without losing their physical properties. In the case of P3VP-

modified magnetite, the particles gave a stable dispersion in good solvents thanks to

pyridinium formation through either protonation of the pyridine rings with an acidic

solution or quaternization with an aqueous solution of iodomethane [40].

In a similar procedure, Binder et al. used a TIPNO-based alkoxyamine bearing a

1,2-diol function for its attachment onto iron oxide. This system was used for the

preparation of core–shell Fe2O3 nanoparticles with a well-defined PNIPAM shell

(Scheme 12) [41]. The polymerization reaction was performed in N,N-dimethyl-

formamide (DMF) at 150�C. Under these conditions, monomer conversion reached

90% and experimental Mn was 5,600 g mol�1. Poly (4-vinylpyridine) (P4VP)

brushes were prepared by SI-NMP on the surface of

3-methacryloxyproyltrimethoxysilane (3-MPS)-modified magnetite nanoparticles

with an average diameter of 30 nm. The NMP-made P4VP polymer brushes were

obtained at 130�C using 4-hydroxyl-TEMPO free radical as controlling agent and

benzoyl peroxide (BPO) as initiator [42].

Recently, an efficient three-step grafting-from procedure was developed to

obtain well-controlled PS grafted magnetic γ-Fe2O3 nanoparticles [33]. In the

first step, after modification of the surface charge of the nanoparticles and then

replacement of H2O by dimethylacetamide (DMAc), 3-aminopropryl

trethoxysilane (APTES) was allowed to react with the surface. The corresponding

amino-modified nanoparticles were then reacted with MAMA-NHS alkoxyamine

(Scheme 13) to afford nanoparticles functionalized with SG1-based alkoxyamine.

In the last step, polymerization of styrene was performed from the previously

modified nanoparticles. The grafting-from strategy was also used to graft poly

[styrene-co-(maleic anhydride)] (PSMA) chains from the Fe3O4 nanoparticle
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Scheme 11 Polymerization of styrene on metal oxide nanoparticles
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surface with TEMPO moieties [43]. For this, TEMPO was first immobilized onto

Fe3O4 nanoparticles by the nucleophilic substitution reaction between

1-oxo-2,2,6,6-tetramethylpiperidinium bromide (TEMPO-Br) and hydroxyl groups

on the Fe3O4 surfaces. In the second stage, PSMA-Fe3O4 was synthesized using

TEMPO-immobilized Fe3O4 in the presence of styrene and maleic anhydride. Free

TEMPO was also present in the system to enhance control of polymerization.

There has been only one report describing SI-NMP from a metal oxide other than

those of titanium and iron, namely from a copper oxide surface [44]. In this study,

poly(ionic liquid) was grafted onto micro/nanoscale CuO/Cu surfaces by

bimolecular-initiated polymerization with TEMPO nitroxide. For this purpose,

the peroxide groups were first introduced onto micro/nanoscale CuO surfaces by

reaction of 3-chloropropyltrimethoxysilane (immobilized on the CuO surface) with

O N

O

O

OH

7

OH

O

N
H

DMF / 150°C
O

O

OH

7

OH

NO

NHO

n

-Fe2O3
-Fe2O3g g
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tert-butyl hydroperoxide. Polymerization of 1-(4-vinylbenzyl)-3-butylimidazo-

liumhexafluorophosphate, an ionic liquid monomer, from the peroxide-activated

CuO surface in the presence of TEMPO led to the formation of polymer brushes

(Scheme 14).

2.3 NMP from Clay Mineral Surfaces

The main approach for immobilization of functional groups that can initiate or

mediate SI-NMP on clay mineral surfaces is based on noncovalent electrostatic

interactions. Indeed, clay minerals present the ability to exchange cations in the

interlayer spacing with other ionic species present in solution. Sogah and coworkers

were the first to report an efficient approach for the direct synthesis of dispersed SI-

NMP-made silicate nanocomposites. Typically, they performed an intergallery

polymerization via a montmorillonite (MMT)-anchored TEMPO-based

alkoxyamine initiator bearing a benzyltrimethylammonium 13 (Scheme 15) moiety

[45]. Other alkoxyamines bearing cationic groups were also attached on MMT

surfaces. A cationic alkoxyamine 14 based on 2,6-diethyl-2,3,6-trimethyl-piperi-

dine-4-hydroxy-N-oxyl nitroxide was directly intercalated into MMT layers. PBA

chains were then grown, exhibiting tunable Mn in the 1,000–14,000 g mol�1 range

and a dispersity of 1.5, allowing facile re-dispersion of the resulting composite in

apolar solvents [46]. In another example, a three-step procedure was proposed by

Shen et al. for grafting PS chains on the surface of MMT [47]. The first step
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consisted in attaching 2-methacryloyloxy ethyl trimethylammonium chloride to the

surface of MMT by an ion-exchange reaction. Then, the alkoxyamine-

functionalized MMT was reacted with the previously introduced methacrylate

function in the presence of BPO and TEMPO at 90�C. PS chains with controlled

Mn and low dispersity were then successfully grown from the MMT surface by

SI-NMP. Polystyrene-block-polycaprolactone (PS-b-PCL) diblock copolymers

were also grafted to MMT surfaces in one-step in situ living polymerization from

a silicate-anchored bifunctional initiator based on TEMPO 15 (Scheme 15) via

divergent chain growth [48]. Recently, Paulis et al. performed SI-NMP of methyl

methacrylate (MMA)/butyl acrylate using modified MMT macroinitiator [49]. The

macroinitiator was synthesized by NMP of vinylbenzyl trimethylammonium chlo-

ride, MMA, and styrene at 90�C using Blocbuilder MA as alkoxyamine. The

obtained macroinitiator of 1,000 g mol�1 was exchanged with the sodium cations

of MMT to yield surface-modified reactive MMT. SI-NMP of MMA/butyl acrylate

from reactive MMT surfaces allowed exfoliation of the clay. The composite was

then used as master batch in the mini-emulsion polymerization of MMA/butyl

acrylate.

A similar strategy has been used to allow SI-NMP from other clay minerals such

as laponite [50] and saponite [51]. In the case of laponite, a SG1-based alkoxyamine

bearing an ammonium group 16 (Scheme 15) was first immobilized by cation

exchange (Scheme 16) [50]. Then, PS chains were obtained from its surface in

the presence of a sacrificial alkoxyamine initiator to afford composites exhibiting

improved colloidal stability in inorganic solvent. Transmission electron
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Scheme 15 Structure of cationic alkoxyamines used for SI-NMP from clay surfaces
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microscopy (TEM) performed on these samples demonstrated a completely exfo-

liated structure of the clay tactoids within the polymer matrix.

Alternatively, different reports describe the immobilization of free-radical initi-

ators carrying cationic groups on mineral clay surfaces for subsequent SI-NMP of

vinylic monomers performed in the presence of an efficient nitroxide mediator [52–

55]. For example, Mittal reported the immobilization of 4,4-azobis(4-cyanovaleric

acid)-based initiator bearing long alkyl chains and two cationic groups for subse-

quent SI-NMP of lauryl methacrylate in the presence of SG1 [52]. The same

approach was employed by Billon and coworkers for the preparation of (co)

polymer/mica composites [53–55]. Mica SI-NMP proceeds in two steps: (1) mica

surface modification via ion exchange of 2,2-azobis(isobutyramidine hydrochlo-

ride) as a free-radical initiator bearing a cationic moiety, and (2) SI-NMP of butyl

acrylate performed from the initiator-bound mica in the presence of free SG1

nitroxide. In the case of copolymer/mica composites, polymerization of butyl

acrylate followed by polymerization of a mixture of styrene and a modified alizarin

dye monomer were performed. Although control was lost during the polymerization

of the second block, colored diblock copolymer/mica composites were indeed

obtained [54]. Interestingly, the colors of poly(styrene-co-alizarin)/mica compos-

ites were strongly related to both the adsorption density of macromolecular chains

on the mica surface and the dye content [55].

Besides noncovalent interactions, covalent immobilization has also been used to

link TEMPO-based alkoxyamine bearing a trichlorosilane group onto a magadiite

interlayer surface [56]. SI-NMP of styrene from the radical initiator immobilized on

magadiite occurred in a controlled manner. Moreover, the fine dispersion state of

magadiite in the PS matrix contributed to an increase in the thermal stability of PS.

2.4 NMP from Metal and Semiconductor Surfaces

As a result of their conduction properties, metallic surfaces are particularly

attractive materials. Jérôme and coworkers reported a two-step procedure to
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Scheme 16 SI-NMP of styrene from laponite clay platelets
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functionalize steel with polymer brushes [57]. The electrografting of an inimer to an

acrylate bearing a TEMPO-based alkoxyamine moiety on the ester group was used

for the preparation of polyacrylate brushes. After the electrografting process,

SI-NMP of styrene was performed in the presence of a free-radical initiator

(Scheme 17). Grafted PS chains were removed from the surface under acidic

hydrolysis. The restored metal substrate was then used for further electrochemical

reactions. A similar procedure was also applied to stainless steel surfaces [58]. To

this end, the electrografting of poly[2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-

yloxy)-ethyl acrylate] (PPTEA) onto stainless steel was first carried out and then

followed by the NMP of 2-(dimethylamino ethyl)acrylate and styrene or n-butyl
acrylate, initiated from the electrografted polyacrylate chains in the presence of a

TIPNO-based alkoxyamine. In order to impart antibacterial properties to the

obtained materials, quaternization of the grafted copolymers was then performed.

Jérôme and coworkers also reported an electrochemical approach based on the

simultaneous electrodeposition of silver and the electrografting of polymer chains

grafted onto stainless steel and used as a cathode [59]. This strategy allowed the

synthesis of poly(ethyl acrylate), PPTEA, and poly(8-quinolinyl acrylate). Hence,

silver-immobilized polymer films having antibacterial properties were efficiently

prepared in a single step.

A colored polymer/aluminum hybrid pigment was synthesized by NMP initiated

from the surface of aluminum flakes [60]. The latter were coated with a thin silica

layer. In this case, the chemical grafting of the initiator was performed through

silylation reactions. The initiator used was an SG1-based alkoxyamine

functionalized with an alkoxysilane moiety. This compound was previously pre-

pared from the intermolecular radical 1,2-addition of Blocbuilder MA in the

presence of 3-(trimethoxysilyl)propyl acrylate. Styrene or n-butyl acrylate were

then copolymerized with vinyl dye monomer in a controlled manner.

Many reports related to SI-CRP on metal describe the use of gold nanoparticles

and mainly from SI-ATRP. We note only one report describing the modification of

gold nanoparticles with SI-NMP. In this report, the NMP initiator was a TEMPO-

derivative functionalized with disulfide as ligand for the synthesis of gold

nanoparticles [61]. Two populations of gold nanoparticles, of 1.5 and 5.5 nm

diameter, covered with PS of 10,000 g mol�1 were prepared.

Similarly, CdSe nanoparticles have been functionalized using ligand exchange

reactions [62]. The nanoparticles were stabilized by the tri-n-octylphosphine oxide
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ligand. TEMPO-based alkoxyamines containing phosphine groups were introduced

to CdSe nanoparticles following a ligand-exchange strategy. First, the tri-n-
octylphosphine oxide ligand was replaced with pyridine, followed by exchange

with the appropriate alkoxyamine. From the surface of functionalized CdSe

nanoparticles, PS and poly(styrene-co-MMA) copolymers were efficiently

obtained.

2.5 NMP from Carbon Surfaces

Carbon-based materials have attracted wide interest in the materials science com-

munity for decades. These materials are extremely light and versatile. Indeed,

depending on the local bonding of the constituting carbon atoms, their properties

can be easily tuned. Diamond, carbon black, and graphite are well-known examples

of carbon-based materials; more recently discovered allotropes are fullerenes,

carbon nanotubes (CNTs), and graphene. Of these carbon-based materials, CNTs

are particularly studied because of their unique electronic, mechanical, thermal, and

chemical properties. To target specific applications, a number of experiments have

focused on the chemical modification of CNTs [63], including the use of CRP

techniques [64]. SI-NMP involves first attaching either an alkoxyamine moiety or a

nitroxide to the CNT surfaces, or the in situ synthesis of an alkoxyamine.

In order to facilitate anchoring of an initiator at the surface of CNTs (and carbon

in general), these substrates first need to be treated. For instance, carboxylic acid

groups can be introduced to single-walled nanotubes (SWNTs) and multiwalled

carbon nanotubes (MWNTs) by oxidation of the pristine nanotubes in the presence

of HNO3 or H2SO4/HNO3. The corresponding acid chloride derivatives are then

obtained by action of thionyl chloride in the presence of carboxylic acid-

functionalized CNTs. Introduction of the initiator/controller agent is finally

performed by esterification of 4-hydroxy TEMPO [65] or TEMPO-based

alkoxyamine bearing a hydroxyl group with acid chloride-functionalized CNTs

[66–68] (Scheme 18). Conventional radical polymerization of styrene, initiated by

AIBN or simple heating, in the presence of nitroxide-carrying CNTs provided

CNT–PS conjugates [65]. CNTs functionalized with TEMPO-based alkoxyamine

17 were used to perform SI-NMP of different monomers such as styrene,

4-vinylpyridine, and styrene sulfonate (SS). The resulting MWCNT–PS and

MWCNT–PS-b-P4VP exhibited relatively good dispersibility in various organic

solvents [66], whereas MWCNT–P4VP presented good dispersibility in acidic

aqueous solutions. MWCNT–PSS composites afforded stable dispersions in aque-

ous solutions over a large pH range [67]. In addition, SI-NMP of butyl acrylate and

N,N-dimethylacetoacetamide (DMAAm) were also successfully performed from

CNTs [69].

In addition to the modification of oxidized CNTs, another strategy consists in

performing radical addition reactions onto the carbon–carbon double bond of

CNTs, allowing introduction of specific groups able to initiate or mediate

Nitroxide-Mediated Polymerization from Surfaces 21



SI-NMP [70, 71]. For instance, heating of nitrogen-doped CNTs in the presence of

both dibenzoyl peroxide and TEMPO afforded the corresponding alkoxyamine-

modified CNTs. The SI-NMP of styrene then provided PS brushes [70].

Graphene is considered one of the most important materials of the next 20 years.

Indeed, this material combines several outstanding properties never observed

before in a single material, such as remarkably high electron mobility at room

temperature [72], tunable band gap [73], high strength [74], and transparency

[75]. Because of these features, even unmodified graphene is a good candidate for

several applications. The incorporation of graphene into polymers has attracted

attention not only as a route to original materials exhibiting structural and func-

tional properties superior to those of the pure components, but also to previous

nanocomposite systems obtained with other nanofillers. Modification of graphene

with grafted polymer chains was recently reviewed by Salavagione et al. [76] and

Layek and Nandi [77]. Only one report describes SI-NMP from a graphene surface

[78]. In this study, graphene oxide-g-polystyrene and graphene oxide-g-polyiso-
prene were synthesized using a two-step procedure involving (1) application of an

oxoammonium salt (TEMPO-Br) to modify the surface of graphene oxide with

TEMPO, and (2) styrene or isoprene graft polymerization from the TEMPO-

functionalized graphene oxide surface (Scheme 19).

2.6 NMP from Polymer Surfaces

Synthetic and natural polymers are also used as substrates for SI-NMP. The two

principal strategies used to modify polymer substrates are (1) direct attachment of

initiators to a polymer surface bearing suitable functional groups, and (2) in the case

of inert polymers, appropriate treatment or activation to introduce functional groups

prior to anchoring of the initiator.

Merrifield polymer resins are often used as substrates for polymer brush synthe-

sis using NMP. To achieve this, TEMPO is reduced with sodium ascorbate,
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Scheme 18 Synthesis of carbon-nanotube-supported TEMPO nitroxide or TEMPO-based

alkoxyamine initiator

22 T.N.T. Phan et al.



deprotonated, and then allowed to react with the benzyl chlorides of the resin to

covalently bind TEMPO via an ether linkage [79]. The immobilized alkoxyamine

can then be used for preparation of PS-based polymer brushes [80–82].

SG1 nitroxide was attached to latex particles made of poly(styrene-co-
chloromethylstyrene) of 60 nm diameter previously prepared via atom transfer

radical addition [83]. Microspheres grafted with the homopolymer poly

(2-dimethylamino ethyl acrylate) (PDMAEA), as well as block copolymers poly

(styrene-b-DMAEA) and poly(butyl acrylate-b-DMAEA) were prepared by

SI-NMP in DMF at 112�C, with the initial addition of free SG1 to ensure polymer-

ization control.

The N-terminus of peptide sequences obtained from solid phase synthesis was

transformed into a carboxylic acid group by the action of glutaric anhydride. NMP

initiator tethered to the N-terminus of the peptide was then introduced via reaction

of the benzylic amine of a fluorine-labeled alkoxyamine with the previously

modified peptide. The peptide-supported initiator was then used to create block

copolymers, under conditions that promote sequential NMP of tert-butyl acrylate
and methyl acrylate [84].

Natural polymers such as cellulose and natural rubber were also subjected to

SI-NMP. NMP was the first living radical polymerization method to be used in

cellulose grafting. Daly et al. [85] reported the first use of nitroxide-mediated,

controlled radical grafting from cellulose and cellulose derivatives. Controlled

radical grafting from hydroxypropyl cellulose (HPC) was performed using

TEMPO monoadducts, formed from the HPC–Barton carbonate derivative

O
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Scheme 19 Preparation of TEMPO-Br and subsequent functionalization of graphene oxide

(GO) to graphene oxide-TEMPO (GO-T) and graft polymerization of styrene and isoprene from

GO-T
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(carbonates of N-hydroxypyridine-2-thione) (Scheme 20). Photolysis of this deriv-

ative in the presence of styrene and TEMPO provided an adduct. Heating the

macroinitiator at 130�C provided styrene–HPC graft copolymers. An increase in

grafted polymeric chain length with increasing polymerization time was observed.

The dispersity of the PS grafts ranged from 1.3 to 1.5.

Natural rubber (NR) in the form of a solid film was modified by grafting with PS

using TEMPO as nitroxide mediator in an SI-NMP process [86]. The attachment of

TEMPO on the NR substrate was carried out in a two-step process (Scheme 21).

The first step was to introduce active functional groups for transformation into

radical species. For this, hydroxylation of the NR substrate by thermal decompo-

sition of potassium persulfate was chosen. In the second step, the hydroxyl group of

the hydroxylated NR was dissociated with the aid of ceric ions and transformed into

an active alkoxy radical, which reacted with styrene and then TEMPO. The

resulting rubber was a TEMPO-modified NR, which was then used for PS grafting

from the NR surface (Scheme 21). The authors showed that by using either the

“optical slicing” or “z-scanning” approach, a “homogeneous grafting” of about

30 mol% PS occurred inside the bulk NR substrate.

3 Conclusion

Many results in the literature demonstrate that SI-NMP is a powerful way to control

chain length, distribution, and composition of a large range of polymers grafted

onto various organic and inorganic surfaces. Thanks to this approach, a wide variety

of materials finding application in fields of major importance such as coatings,

compatibilizing agents, electronics, and biomaterials have been successfully pre-

pared. The main advantage of SI-NMP is that this technique does not require any

addition of metal or metal salt. However, despite the development of efficient

strategies to obtain NMP-grafted polymer on surfaces, there is still room to improve

the SI-NMP process. Indeed, the synthetic procedures used to anchor alkoxyamine
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on the surface often require multistep pathways. Moreover, in order to reach a good

level of control, polymerization reactions have to be performed in the presence of

free alkoxyamine as sacrificial initiator. These points will have to be addressed in

order to push further the development of SI-NMP. In the future, SI-NMP initiated

photochemically could also be an attractive way of grafting polymer chains onto

surfaces.
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2. Barbey R, Lavanant L, Paripovic D, Schüwer N, Sugnaux C, Tugulu S, Klok H-A (2009)

Chem Rev 109:5437

3. Edmondson S, Osborne VL, Husk WTS (2004) Chem Soc Rev 33:14

4. Olivier A, Meyer F, Raquez J-M, Damman P, Dubois P (2012) Prog Polym Sci 37:157

5. Nicolas J, Guillaneuf Y, Lefay C, Bertin D, Gigmes D, Charleux B (2013) Prog Polym Sci

38:63

6. Fischer H (2001) Chem Rev 101:3581

7. Schwartz DK (2001) Annu Rev Phys Chem 52:107

8. Husseman M, Malmstr€om EE, McNamara M, Mate M, Mecerreyes D, Benoit DG, Hedrick JL,

Mansky P, Huang E, Russell TP (1999) Macromolecules 32:1424

9. Husemann M, Morrison M, Benoit D, Frommer J, Mate CM, Hinsberg WD, Hedrick JL,

Hawker CJ (2000) J Am Chem Soc 122:1844

10. Hawker CJ, Barclay GG, Dao J (1996) J Am Chem Soc 118:11467

11. Devaux C, Chapel JP, Chaumont P (2002) Eur Phys J E 7:345

12. Devaux C, Chapel J-P (2003) Eur Phys J E 10:77

13. Mulfort KL, Ryu J, Zhou Q (2003) Polymer 44:3185

14. Andruzzi L, Hexemer A, Li X, Ober CK, Kramer EJ, Galli G, Chiellini E, Fischer DA (2004)

Langmuir 20:10498

15. Andruzzi L, Senaratne W, Hexemer A, Sheets ED, Ilic B, Kramer EJ, Baird B, Ober CK (2005)

Langmuir 21:2495

16. Brinks MK, Hirtz M, Chi L, Fuchs H, Studer A (2007) Angew Chem Int Ed 46:5231

17. Ostaci R-V, Celle C, Seytre G, Beyou E, Chapel J-P, Drockenmuller E (2008) J Polym Sci A

Polym Chem 46:3367

18. Lewis GT, Cohen Y (2008) Langmuir 24:13102

19. Mardyukov A, Li Y, Dickschat A, Schaefer AH, Studer A (2013) Langmuir 29:6369

20. Xu FJ, Song Y, Cheng ZP, Zhu XL, Zhu CX, Kang ET, Neoh KG (2005) Macromolecules

38:6254

21. Li J, Chen X, Chang Y-C (2005) Langmuir 21:9562

22. Parvole J, Laruelle G, Billon L (2005) Macromol Chem Phys 206:372

Natural rubber film
(NR)

K2S2O8

80°C
Hydroxylated NR

Ce(NH4)2(NO3)6
Styrene/TEMPO
in 0.05M HNO3

50°C

OH OH

O O

TEMPO

TEMPOTEMPO

Styrene

130°C O O

TEMPO

TEMPO-modified NR
NR-g-PS

nn

Scheme 21 Synthesis of polystyrene grafted onto the surface of natural rubber using SI-NMP

Nitroxide-Mediated Polymerization from Surfaces 25



23. De Gennes PG (1980) Macromolecules 13:1069

24. Alexander S (1977) J Phys 38:983

25. Verso FL, Yelash L, Egorov SA, Binder K (2012) Soft Matter 8:4185

26. Egorov S, Binder K (2012) J Chem Phys 137:094901

27. Tande BM, Wagner NJ, Mackay ME, Hawker CJ, Jeong M (2001) Macromolecules 34:8580

28. Dukes D, Li Y, Lewis S, Benicewicz B, Schadler L, Kumar SK (2010) Macromolecules

43:1564

29. Chevigny C, Gigmes D, Bertin D, Jestin J, Boue F (2009) Soft Matter 5:3741

30. Chevigny C, Jestin J, Gigmes D, Schweins R, Di-Cola E, Dalmas F, Bertin D, Boue F (2010)

Macromolecules 43:4833

31. Chevigny C, Dalmas F, Di Cola E, Gigmes D, Bertin D, Boué F, Jestin J (2010) Macromol-
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Lazzaroni R, Jérôme R (2003) Chem Mater 15:923

58. Ignatova M, Voccia S, Gilbert B, Markova N, Mercuri PS, Moreno Galleni M, Sciannamea V,

Lenoir S, Cossement D, Gouttebaron R, Jérôme R, Jérôme C (2004) Langmuir 20:10718
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(2007) J Nanosci Nanotechnol 7:3450

72. Geim AK, Novoselov KS (2007) Nat Mater 6:183

73. Zhang Y, Tang T-T, Girit C, Hao Z, Martin MC, Zettl A, Crommie MF, Shen YR, Wang F

(2009) Nature 459:820

74. Lee C, Wei X, Kysar JW, Hone J (2008) Science 321:385

75. Blake P, Brimicombe PD, Nair RR, Booth TJ, Jiang D, Schedin F, Ponomarenko LA, Morozov

SV, Gleeson HF, Hill EW (2008) Nano Lett 8:1704

76. Salavagione HJ, Martinez G, Ellis G (2011) Macromol Rapid Commun 32:1771

77. Layek RK, Nandi AK (2013) Polymer 54:5087

78. Garcı́a-Valdez O, Ledezma-Rodrı́guez R, Saldı́var-Guerra E, Yate L, Moya S, Ziolo RF (2014)

Polymer 55:2347

79. Hodges JC, Harikrishnan LS, Ault-Justus S (2000) J Comb Chem 2:80

80. McAlpine SR, Lindsley CW, Hodges JC, Leonard DM, Filzen GF (2001) J Comb Chem 3:1

81. Lindsley CW, Hodges JC, Filzen GF, Watson BM, Geyer AG (2000) J Comb Chem 2:550

82. Bian K, Cunningham MF (2005) J Polym Sci A Polym Chem 43:2145

83. Bian K, Cunningham M (2006) Polymer 47:5744

84. Becker ML, Liu J, Wooley KL (2003) Chem Commun 2003(2):180. doi: 10.1039/B209557B

85. Daly WH, Evenson TS, Iacono ST, Jones RW (2001) Recent developments in cellulose

grafting chemistry utilizing Barton ester intermediates and nitroxide mediation. Macromol

Symp 174:155–164

86. Prakanrat S, Phinyocheep P, Daniel P (2009) Appl Spectrosc 63:233

Nitroxide-Mediated Polymerization from Surfaces 27



Adv Polym Sci (2016) 270: 29–76
DOI: 10.1007/12_2015_311
© Springer International Publishing Switzerland 2015
Published online: 20 May 2015

Surface-Initiated Atom Transfer Radical

Polymerization

Amir Khabibullin, Erlita Mastan, Krzysztof Matyjaszewski,

and Shiping Zhu

Abstract This review covers the basic principles of surface-initiated atom transfer

radical polymerization (SI-ATRP). SI-ATRP is a robust and versatile method for

preparation of various hybrid materials with controlled molecular characteristics of

the tethered polymer chains, such as polymer composition and architecture. Various

aspects of SI-ATRP, such as polymer brush grafting density, surface geometry, and

reaction conditions, including structure of initiator, ligand, and catalyst, are important

for engineering the structure and properties of the hybrid polymermaterials. Elementary

reactions, such as initiation, propagation, termination, transfer, and activation/deacti-

vation equilibria as well as factors affecting these processes are discussed. The proper-

ties ofmaterials prepared bySI-ATRPare illustrated through several selected examples.

Keywords Controlled radical polymerization � Elementary reactions �Mechanism �
Grafting density � Surface geometry
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1 ATRP Fundamentals

Controlled radical polymerization (CRP, also termed reversible-deactivation radi-

cal polymerization, RDRP) is a versatile method for the preparation of well-defined

polymers [1]. Unlike conventional radical polymerization with its slow continuous

initiation, fast propagation, and inevitable radical termination, CRP creates and

exploits a dynamic equilibrium between growing radicals and dormant species

[2]. In this system, the active radicals are deactivated after adding one or several

monomer units and converted back to the dormant state. This approach allows

preparation of polymers with precise control over molecular weight (MW), mole-

cular weight distribution (MWD), polymer composition, topology, and functionality.

Atom transfer radical polymerization (ATRP) is one of the most robust and

widely used CRP techniques for polymerization of a broad range of commercially

available functional monomers [3–5]. It is attractive because of the simple exper-

imental setup, with readily available initiators and catalysts that can be used in a

range of solvents under a broad spectrum of reaction conditions, allowing precise

control over final polymer MW and architecture [6].

In ATRP, the dormant species are either low MW initiating alkyl halides or a

macromolecular species (Pn-X). The dormant species intermittently react with

activators and deactivators. Activators are, typically, ligand-stabilized transition

metal complexes in their lower oxidation states (Mm/L), that react with the dormant

species to form active radicals (Pn
•). Deactivators are usually transition metal

complexes in their higher oxidation state, coordinated with the transferred halide

ligands (X-Mm+1/L). After adding a few monomer units, the growing radical then

reacts with a deactivator to re-form a dormant species and regenerate the activator.

Radicals also terminate, as in any radical polymerization. Scheme 1 illustrates a

typical ATRP equilibrium.
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The rate of ATRP (Rp) depends on the propagation rate constant (kp) and on the

concentrations of monomer and growing radical. The concentration of the growing

radical depends on the ATRP equilibrium constant, as well as on the concentrations

of the dormant species, activators, and deactivators, as shown in the ATRP rate

equation given below. The equilibrium constant KATRP is equal to kact/kdeact and
depends on the strength of both the C–X and the CuII–X bonds. The equilibrium

constant increases with the strength of the CuII–X bonds, or the halogenophilicity of

the CuI complex, and decreases with the strength of the C–X bonds.

Rp ¼ kp M½ � P*n
� � ¼ kpKATRP

PnX½ � CuIL½ � M½ �
X-CuIIL½ �

� �
ATRP equationð Þ

ATRP is a catalytic process and can be mediated by many redox-active transition

metal complexes. The most frequently used metal is Cu; however, ATRP has also

been successfully carried out using Ru, Fe, Mo, Os, etc. [7]. The key limitation of

“normal” ATRP (as it was initially defined) is the large amount of catalyst loading

(up to ca. 1 mol%) compared with monomer. This residual metal creates difficulties

in purification of the final product [8]. Also, in ATRP, as in any radical process,

radical termination occurs but involves only about 1–10% of all chains. Radical

termination leads to irreversible transformation of a fraction of the activator to

deactivator, leading to a decrease in the reaction rate.

However, according to the equation given above, the ATRP rate does not depend

on the absolute catalyst concentration, but rather on the ratio of the concentrations

of activator and deactivator. Several novel ATRP techniques have been developed

exploiting this feature, eliminating the problem of high catalyst loading and a

slowdown in the rate of polymerization as a result of radical termination

[9]. These novel low catalyst concentration procedures include activators

regenerated by electron transfer (ARGET)-ATRP [10], initiators for continuous

activator regeneration (ICAR)-ATRP [11], supplemental activator and reducing

agent (SARA)-ATRP [12–14], photochemically mediated ATRP [15–19], and

eATRP, where the activator/deactivator ratio is controlled electrochemically [20–

22]. These recent developments are summarized in Scheme 2, which also summa-

rizes the possibilities for engineering macromolecular architecture provided by

ATRP, as well as a few of the targeted applications for the resulting materials [23].

The appropriate choice of initiator and ligand and their amounts are important

for preparation of the desired product in a controlled manner [24–26]. The selected

alkyl halide initiators should possess sufficient reactivity for efficient initiation of

polymerization of the selected monomers, which correspondingly depends on the

structure of the alkyl group and the transferable halogen or pseudohalogen

[27]. The reactivities of the halides follow the order tertiary > secondary > primary

carbon atom, according to the change in bond dissociation energy needed for

Scheme 1 ATRP

equilibrium
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homolytic bond cleavage. Also, the reactivities of alkyl halides follow the order

I ~ Br>Cl and are higher than the reactivity of alkyl pseudohalides. The ATRP

activation rate constants for various initiators are shown in Scheme 3

Scheme 2 Overview of recent advances in ATRP that allow a reduction in catalyst loading, down

to part per million levels, and engineering of macromolecular architecture. Applications for some

of the resulting materials are shown. Reprinted with permission from Matyjaszewski and

Tsarevsky [23]

Scheme 3 ATRP activation rate constants for various initiators with CuIX/PMDETA (where

X¼Br or Cl) in MeCN at 35�C. 3� initiators are in red; 2� blue; 1� black; with isothiocyanate/

thiocyanate half-filled triangle; chloride open symbols; bromide filled symbols; iodide half-filled
square; amide ▼; benzyl ~; ester □; nitrile ○; phenyl ester ◇. Reprinted with permission from

Tang and Matyjaszewski [27]
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The effect of the selected ligand on the ATRP rate constant is profound, and the

range of activity of the formed copper-based ATRP catalyst complexes covers six

orders of magnitude [26, 28, 29]. Generally, Cu complex activity in ATRP for

ligands follows the order tetradentate (cyclic-bridged)> tetradentate (branched)>
tetradentate (cyclic)> tridentate> tetradentate (linear)> bidentate. The activity of

ligands for ATRP also depends on the nature of the nitrogen atom and follows the

order aliphatic amine> imine> aromatic amine. Steric effects are also very impor-

tant. The ATRP activation rate constants for Cu complexes with various ligands are

shown in Scheme 4.

There are several other factors in ATRP that affect polymerization control and

properties of the final product in addition to choice of initiator and ligand. The

polymerization media plays a significant role in the process. ATRP can be

conducted in bulk, solution, or in a variety of heterogeneous media including

microemulsions, miniemulsions, emulsions, suspensions, dispersions, and inverse

miniemulsions. The choice of media primarily depends on solubility or heat transfer

considerations; for example, conditions have to be selected so that the catalyst

complex and the product are at least partially soluble in the reaction medium. ATRP

is strongly accelerated in the presence of more polar solvents [30], and at higher

temperatures [31] and pressures [32].

Surface-initiated ATRP (SI-ATRP) follows the same mechanism and is con-

trolled by the same factors as a regular ATRP; however, there are several unique

requirements, which are discussed in detail in Sect. 4.

Scheme 4 ATRP activation rate constants for various ligands with EtBriB in the presence of

CuIBr in MeCN at 35�C. Compounds with two nitrogen atoms (N2) red; N3 black; N4 blue;
amine/imine filled symbols; pyridine open symbols; mixed left-half filled symbols; linear □;

branched ~; cyclic ○. Reprinted with permission from Tang and Matyjaszewski [29]
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2 Hybrid Materials

Hybrid materials consist of two or more disparate components connected at molec-

ular level, most often by covalent bonds. Typical hybrid systems are formed by

attaching organic polymers to an inorganic substrate (organic/inorganic hybrids),

linking synthetic polymers to natural products, or combining polymer fragments

prepared by different polymerization techniques. Hybrid materials represent a

rapidly growing area of molecularly designed materials, and ATRP has contributed

significantly to its development. Polymers synthesized using ATRP can provide

important desired properties to hybrid materials, including solubility in different

phases of a biphasic system, responsiveness to stimuli, functionality, and mecha-

nical strength.

The three widely used methods used to create hybrid materials containing

polymer segments are grafting-from, grafting-onto, and grafting-through. Another

method for hybrid material synthesis was introduced recently, the template

approach.

2.1 “Grafting From” Approach

The grafting-from approach provides a versatile and efficient tool for creating

functional hybrid materials. It includes surface-initiated CRP (SI-CRP) and, parti-

cularly, SI-ATRP, which is widely used to graft polymers from substrate surfaces

[33, 34]. The advantages of the grafting-from approach using ATRP include a high

level of control over polymer graft architecture and grafting density, as well its

applicability to various substrate surface geometries (flat surfaces, nanoparticles,

inside the pores, etc.) and compositions, including metals and metal oxides, silicon,

organic polymers, and natural products. Ultimately, (co)polymers with a very high

graft density form polymeric brushes [35].

The key requirement for the grafting-from approach is the presence of polymer-

ization initiators that are covalently attached and evenly distributed throughout the

substrate surface. The polymer chains are then grown from the surface of the

substrate. The initiator can either be an inherent part of the substrate (e.g., some

polymers carrying functional groups) or can be introduced to the substrate surface

via an additional surface functionalization reaction. One can precisely control the

grafting density and, if desired, introduce densely grafted brushes to the surface.

Scheme 5 illustrates the grafting-from approach using SI-ATRP.
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2.2 “Grafting-Onto” Approach

In this method, one needs to prepare polymer chains with end-functional groups and

then covalently link the polymer chains to the substrate surface. The substrate

surface should have corresponding complementary functional groups, which can

either be an inherent part of the substrate, for instance, the hydroxyl groups on the

surface of metal oxides, or can be introduced separately. However, this method is

often limited by steric hindrance and slow diffusion of bulk polymer chains to the

substrate surface [36]. Although this high-yield grafting-onto method gained

increased attention with the development of “click” chemistry, which allows fast

and quantitative linking of functionalized chains to corresponding surface func-

tional groups via Cu-catalyzed reaction between alkynes and azides [37, 38], the

grafting density is much lower than that attained in grafting-from procedures as a

result of steric crowding and entropic effects.

Scheme 6 illustrates the grafting-onto approach using click chemistry.

2.3 “Grafting-Through” Approach

In order to utilize the grafting-through approach, the substrate first needs to be

modified with a polymerizable monomer unit, thus becoming a hybrid

“macromonomer.” The macromonomer is then copolymerized with low molecular

weight monomers to form a polymer chain with “sewed” substrate moieties. This

method is illustrated in Scheme 7.

This method permits preparation of hybrid materials using macromonomers that

can be inorganic, natural products, or other polymers, either prepared by CRP or

any other polymerization technique. The grafting density and number of grafted

chains depend on the ratio of the concentrations of monomer and macromonomer

Scheme 5 Grafting-from approach employed to introduce polymer brushes onto the surface of a

nanoparticle via SI-ATRP

Scheme 6 Grafting-onto approach using “click” chemistry
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but are generally much lower than obtained using grafting-onto or grafting-from

procedures.

2.4 Templated Approach

Inorganic particles (spheres and cylinders) are often prepared using surfactants that

form templating micelles [39–42]. Polymer chemistry provides an easy approach

for preparation of unimolecular micelles of predefined structure such as molecular

brushes [43–45] or stars [46, 47], which can serve as templates for the preparation

of silica [39, 40], titania [48, 49], or gold [41, 42] nanoparticles. The polymer

templating approach can also be used for preparation of ordered honeycomb

structures of Pd and other heavy metals [50]. The emerging templating techniques

use core–shell brushes [40] or star-like block copolymers [51] as nanoreactors,

providing facile and versatile tools for synthesis of well-defined nanocrystals with

uniform controlled size, composition, and architecture.

For example, Scheme 8 summarizes the strategy for the preparation of silica

nanowires using a polymer brush template approach. First, a poly

(3-acryloylpropyltrimethoxysilane) (APTS) block was grafted from linear

multifunctional initiator, that is, a linear polymer backbone carrying ATRP initiat-

ing sites. Each APTS block was then chain-extended with an oligo(ethylene glycol)

methacrylate (OEGMA) block, thus creating a cylindrical polymer brush with a

cylindrical APTS core and an OEGMA shell. The APTS core block was then

crosslinked, forming a hybrid organo-silica nanowire. The hybrid nanowire can

be further transformed to a fully inorganic silica nanowire via pyrolysis of the

organic segment at 700�C.
The star-polymer template approach allows preparation of spherical

nanocrystals. In the initial step, a star-like block copolymer nanoreactor was

prepared, with a polyacrylic acid (PAA) inner block and an outer block of polysty-

rene. Then, the inner PAA block was infiltrated with the precursor for preparation of

the desired nanoparticles. Finally, the precursor is transformed into the nanoparticle

inside the star-polymer template, resulting in formation of uniform well-defined

nanocrystals. By using a star-like triblock copolymer template, core–shell and

hollow nanocrystals can be prepared following similar strategies (Scheme 9).

+ CuI-X / Ligand CuII-X   / Ligand 2

X
= monomer 
= initiator 

X

X
X +

Scheme 7 Grafting-through approach for introduction of polymer brushes to the surface of

nanoparticles using ATRP
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Depending on the precursor used, the resulting nanocrystals can provide different

functionalities (e.g., they can be metallic, magnetic, semiconductor, or fluorescent).

3 SI-ATRP

3.1 Selection of Surface Geometry

SI-ATRP can be carried out on wide variety of surfaces, including flat surfaces,

nanoparticles, cylindrical surfaces, or on the surface inside nanopores. The presence

of ATRP initiator is the only requirement for successful introduction of polymer

brushes via SI-ATRP. However, the choice of surface geometry can influence the

parameters controlling the architecture of the grafted polymer brushes. For exam-

ple, the grafting density for polymer brushes on a flat surface is usually below

0.5 chain/nm2, whereas convex systems, such as functionalized nanoparticles, can

have a significantly higher grafting density, approaching 1 chain/nm2. However,

e d
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Scheme 8 Synthesis of a silica nanowire using the polymer brush template approach. (a) ATRP

multi-initiator poly[2-(2-bromoisobutyryloxy)ethyl methacrylate] (PBIEM) with degree of poly-

merization of 3,200; (b) cylindrical polymer brush (CPB) with side chains of 20 APTS units; (c)

core–shell CPB with an additional 57 OEGMA units; (d) soluble organo-silica hybrid nanowires

with a crosslinked silsesquioxane network in the core; (e) inorganic silica nanowires after

pyrolysis. Reprinted with permission from Yuan et al. [40]
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such systems are prone to macroscopic gelation, even at only 0.1% of interparticle

radical termination. In concave systems (e.g., inside cylindrical or spherical pores),

steric hindrance plays a significant role, reducing the level of control over polymer

brush MW and MWD. However, in some systems good control was reported

[52]. Details of the effect of surface geometry on grafting polymers via SI-ATRP

are discussed further in Sect. 4.

Scheme 9 Synthesis of hollow hybrid nanoparticles using the star-polymer template approach.

Reprinted with permission from Pang et al. [51]

Scheme 10 (a) Examples of functional groups for modification of various surfaces. (b) Strategy

for controlling grafting density using the active/inactive initiator approach. Reprinted with per-

mission from Hui et al. [34]
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3.2 Selection of Substrate

A suitable substrate material can be selected depending on the desired application

of the final functional material. SI-ATRP allows growth of polymer chains from the

surface of metals, metal oxides, silicon, quantum dots, and a variety of organic

polymers and biological species. The only requirement is that the initiator moieties

are covalently attached to each substrate via the corresponding anchoring groups.

Scheme 10a shows examples of anchoring groups for different substrate materials.

3.3 Advantages of SI-ATRP

The versatility of SI-ATRP as a method for grafting polymer brushes from the

selected surface arises from the ability to precisely control and modulate the

structure and properties of prepared hybrid material.

Control over grafting density is essential for regulation of the number of polymer

brushes on the surface. This can be achieved by using a mixture of active and

inactive (“dummy”) initiators to functionalize the substrate surface. The number of

active ATRP initiators, and thus the number of polymer chains on the surface, is

varied by controlling the corresponding fraction of active initiators in the mixture.

Scheme 10b illustrates this strategy.

Another approach for controlling grafting density is partial removal of tethered

initiators from the surface by specific treatment (UV light, temperature, chemical).

The ability to control the chain topology and composition of polymer brushes is

a major tool for engineering the structure and properties of the resulting hybrid

materials prepared using SI-ATRP. This technique allows the grafting of (co)

polymer, block, gradient, and statistical copolymer brushes from the surface of

various substrates [33, 34]. The brushes can have different topologies, including

linear, branched, hyperbranched, and crosslinked chains [53, 54]. Miktoarm hybrid

systems can be created by introducing two different polymer chains to the substrate

surface using SI-ATRP [55–57] or SI-ATRP combined with other polymerization

techniques [58]. These materials are responsive to solvent change and can be turned

into Janus nanoparticles by variation of solvent composition [56].

The polymer brush MWD can be controlled by varying the ratio of activator to

deactivator. ATRP allows preparation of polymers with very low dispersity; how-

ever, sometimes a broad MWD or even bimodal distribution of polymer brushes is

desired [59].

SI-ATRP facilitates preparation of functional polymer brushes. Functional

groups can either be an inherent part of the monomer molecule, thus being present

along the polymer backbone, or can be introduced to previously prepared polymer

chains. Chain-end functional groups can be converted into other functional groups

and provide an opportunity for conducting click chemistry to the brush end.
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Functional polymer brushes can provide stimuli-responsive properties, as well as

providing transport and targeting properties, ion conductivity, etc.

4 Reactions in SI-ATRP

In this section, the basic reactions involved in SI-ATRP are discussed, namely

initiation, propagation, termination, transfer, equilibrium, and other reactions. Most

of the section is further divided on the basis of the curvature of the substrate.

4.1 Initiation

The surface properties introduced by the grafted layer depend on how long the

chains are and how crowded the surface is (i.e., the polymer chain length and its

grafting density). Grafted chain length can be easily controlled using ATRP. On the

other hand, predicting and tailoring the surface to possess a certain grafting density

remains one of the major challenges in SI-ATRP. This is because all of the factors

affecting grafting density are not fully understood.

On a flat substrate, the measurement of grafting density is challenging because of

the limited amount of grafted polymers. In order to estimate the grafting density, it

is either assumed that grafted chains have the same properties as free chains when

polymerization is conducted simultaneously in both phases [55, 60–63], or that an

accurate relationship between swollen and dry thicknesses of polymer layer is

known [64]. For systems having large surface-to-volume ratios (e.g.,

nanoparticles), polymers can be cleaved from the substrate and characterized to

give an estimate of grafting density, after the experiments are conducted.

The polymer grafting density is strongly related to the initiator density, which

can be controlled by varying the initiator concentration and immobilization time, or

by introducing an inert analog along with the initiator species [65–72]. The inert

molecules, or spacers, are usually chosen to have a structure similar to the initiator

moieties, but do not possess the transferable group for initiating ATRP. The similar

chemical structure of spacer and initiator allows the assumption of similar chemical

reactivity with the surface of the substrate. Therefore, the fraction of initiator spacer

used during immobilization is generally assumed to be the same as the fraction

immobilized on the substrate. However, prediction of how many immobilized

initiators grow into polymer chains (i.e., grafting efficiency) still cannot be made.

The terms “grafting efficiency” and “initiation efficiency” are used interchange-

ably in the literature, mainly referring to how many of the tethered initiator sites

successfully grow into polymer chains. There are two ways to calculate the initi-

ation efficiency from experimental data. The first is by directly considering the ratio

of the polymer grafting density to the initiator density [73–76]. The second is by

comparing the theoretical molecular weight to the molecular weight measured from

cleaved polymer chains [77–79]. These two methods should theoretically represent
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the same value. Lower initiation efficiency is usually obtained at high initiator

density, but increases with reduced initiator density up to the point where the

efficiency becomes independent of the initiator density [65–67, 76]. This is because

steric hindrance dictates the maximum concentration of polymer chains that can be

grafted onto a substrate.

Apart from the initiator density, the types of monomer and initiator can affect

initiation efficiency [63, 80, 81]. The type of catalyst could indirectly affect the

initiation efficiency, as shown by a study of aqueous SI-ATRP of methyl methacry-

late (MMA) [74]. The SI-ATRP system with CuCl as catalyst showed slower

polymerization rate but better controllability and higher initiator efficiency than

the system with CuBr. The difference in initiation efficiency observed was thought

to be caused by the difference in polymerization rate, whereby faster polymer-

ization leads to a decrease in initiator efficiency. In addition, a difference in

polymerization rate as a result of a difference in catalyst-to-deactivator ratio has

also been shown to affect the resulting grafting density [82]. Solvent type is another

factor that could influence the grafting density. When SI-ATRP of OEGMA is

conducted in a more polar solvent, the resulting grafting density is lower because of

the bulkier tethered polymer coils in that system, which imposed steric hindrance

for the other initiation sites [61].

The length and phobicity of the link between the initiator and solid surface can

also affect the initiation efficiency, as studied by Green and coworkers for SI-ATRP

of MMA and of styrene from silica nanoparticles [74, 75]. In the MMA system,

their experimental results showed a monotonous increase in grafting density and

initiation efficiency with longer initiator linkers, as a result of the increased

hydrophobicity of the longer spacer. On the other hand, the system utilizing styrene

as monomer showed little difference between shortest and longest linker, as each

led to a similar grafting density of 0.7–0.8 chains/nm2, with an initiation efficiency

of 26–35%. However, the system with the middle-length link resulted in a much

lower grafting density of 0.2 chains/nm2, with initiation efficiency around 10%.

This difference was postulated to be caused by conformational change, in which the

Br end group is hidden in the case of middle-length linker. Comparison of the

initiation efficiency between the two studies is shown in Fig. 1.

Surface curvature plays an important role in determining initiation efficiency.

The initiation efficiency of SI-ATRP from a flat substrate has been estimated to be

around 10% [83–85]. On the other hand, the initiation efficiency that could be

obtained from a convex substrate is close to, or even more than, 30% [73–76, 79,

86]. Even higher initiation efficiency values of approximately 80% for particles

have also been reported in several studies [77, 78, 87]. In particle systems, some

studies have reported a constant increase in initiation efficiency with time [73, 75],

whereas others reported it to increase as polymerization progresses to higher

conversion [77, 78, 86]. This again shows the uncertainty in predicting initiation

efficiency.

Some studies have reported an initiation efficiency of 3–8.5% for concave

substrates within ordered mesoporous silica nanoparticles, with mesopore diameter

ranging from 1.8 to 2.3 nm [88, 89]. Another study reported 22–37% initiation

efficiency when SI-ATRP was conducted in ordered mesoporous silica with 15 nm
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cylindrical pores [52]. These experimental results point to the conclusion that

concave systems, with more severe confinement effects, exhibit lower initiation

efficiency. This comparison might of course be influenced by the other factors

mentioned above, because they are collected from experiments conducted under

different conditions. However, similar findings have been reported in a simulation

study of grafting from concave substrate with a “perfectly living” polymerization

[90]. As shown in Fig. 2, the simulation results predicted lower grafting density, σg,
in systems with higher curvature (smaller R), for the same initiator density, σi.
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Fig. 1 Effect of initiator spacer length on the initiation efficiency of SI-ATRP of styrene and

MMA with CuBr. Detailed experimental conditions can be found in the original publications [74,

75]

Fig. 2 Effect of confinement on grafting efficiency (σg/σi), as simulated for surface-initiated

polymerization within a spherical cavity or channel with various curvatures; R radius of the cavity.

Reprinted with permission from Liu et al. [90]
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It should be noted that in an experimental setting, the dependence of initiator

density on the curvature and the influence of termination reactions may further

complicate the actual result.

4.2 Propagation

Despite the numerous studies conducted using SI-ATRP, there are several funda-

mental points that still cannot be definitively answered. For example, what causes

the grafted layer to stop growing, even when there is an abundance of monomer in

the solution phase? Another fundamental question is related to the validity of

assuming grafted and free chains to have comparable properties [68, 91–93]. This

assumption is especially important as it is commonly made for graft polymerization

on flat substrates, because it allows estimation of the grafting density of the polymer

chains even when the amount of polymer collected from flat substrates is not

enough for further characterization.

On the other hand, nanoparticle systems have a much larger surface-to-volume

ratio than flat systems, allowing a sufficient amount of polymer to be collected for

further characterization. Therefore, the assumption can be experimentally verified

for these systems. As a matter of fact, much of the data on polymers obtained from

SI-ATRP conducted on particle systems show an excellent agreement with the

properties of polymers formed in the solution phase [36]. However, this does not

guarantee the same trend for polymers grown from flat substrates, because the

degree of confinement on polymer chains grown from a convex substrate is less

severe than that on a flat substrate. Owing to its positive curvature, polymers grown

on convex substrates experience less and less confinement as the chain grows

longer and the initiation site is farther away from the surface.

In SI-ATRP from a flat surface, one end of each individual polymer chain is

fixed onto a substrate. This forces the polymer chains to grow in close proximity to

one another, creating crowding of polymer chains and forcing them to assume a

chain-extended brush conformation. The brush conformation is evident from the

greater thickness of the grafted polymer layer on a flat substrate than the radius of

gyration of the free polymer. The calculation of grafting density shows that each

polymer chain occupies a smaller projected area than that predicted by its radius of

gyration, further confirming the chain-extended brush conformation.

The steric crowding of polymer chains gives rise to unique properties not seen in

grafted polymers with lower grafting density [36, 94]. However, the crowding of

surface polymer chains can also lead to starvation of monomer, or earlier formation

of a glassy state, which in turn hinders the propagation of additional surface chains.

Moreover, some of the surface chains could have their active ends buried inside the

dense polymer layer, thereby reducing the available monomer concentration for

that radical to propagate. This is one of the two theories often used to explain many

experimental trends in the literature, often referred to as the “school of propagation”

because of the decrease in propagation rate. The other school of thought, referred to
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as the “school of termination,” is discussed in Sect.4.3. A recent publication has

collected experiment data and compared predictions based on these two schools of

thought [95]. The result is inconclusive, as no model can fully explain the various

contradicting experimental trends reported in the literature.

Based on the reduced rate of propagation, one could explain the slowing down of

the growth rate for grafted chains at negligible monomer conversion. This school of

thought could also shed light on when the assumption of equal properties of free and

grafted chains can be considered valid. As a result of the difference in the avail-

ability of monomer for the chains solution and for the tethered surface chains, the

chain length and dispersity of the two polymer populations may not be comparable.

The reduction in the concentration of available monomers for the grafted chains is

expected to result in chains that are shorter than the free chains in solution.

Recent simulation studies based on the understanding of the school of propaga-

tion have shown that the assumption of equal properties of grafted and free poly-

mers is often invalid in a perfectly living polymerization [92, 93]. Simulation

results show that the grafted polymers are always shorter and have broader distri-

bution than their solution counterparts when polymerization is conducted simulta-

neously from a surface and in solution. The difference depends on the fraction of

polymers present as grafted chains, η, and on the grafting density, σ, as shown by

Fig. 3. Higher grafting density leads to more confinement and reduced propagation

rate as a result of monomer limitations, resulting in shorter grafted chains. On the

other hand, a lower fraction of congested surface chains leads to less difference in

properties between surface and free chains. Therefore, the assumption of surface

chains having similar properties to free chains is true only when the surface chains

exhibit low grafting density, which is not usually the case in experimental settings.

However, it should be noted that some experimental studies of SI-ATRP on flat

surfaces have reported controlled growth to a very thick polymer brush, for

example, 700 nm of poly(hydroxyethyl methacrylate) (PHEMA) brush on a gold

surface [96] and 700 nm of poly(dimethylaminoethyl methacrylate) (PDMAEMA)

on a silicon surface [97].

Fig. 3 Model predictions of the chain length of grafted and free polymers in simultaneous

surface-initiated polymerization with various grafting densities (σ) and fractions of grafted

polymer (η). Reprinted with permission from Turgman-Cohen and Genzer [93]
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For systems with concave substrates, the effect of confinement is expected to be

even more severe than that for flat substrates. A theoretical study based on mole-

cular dynamics simulations has systematically investigated surface-initiated living

polymerization on concave substrates for polymerization occurring strictly on the

surface [90]. The simulation results verified the confinement effect on the grafted

polymer: shorter chains are obtained in systems with higher degrees of confinement

(i.e., smaller surface radius). However, the results are counter-intuitive for the

dispersity, where the resulting grafted polymers have narrower distribution with

increasing confinement for the same amount of reaction time or at the same

monomer conversion. This trend is attributed to the slower polymerization rate in

a more confined system, which leads to more uniform growth. It should be noted

that the simulation was conducted in the absence of termination reactions, which

could significantly affect the resulting dispersity in an experimental setting.

4.3 Termination

Termination is unavoidable in ATRP systems because of the very nature of radicals.

Termination in SI-ATRP is highly dependent on the geometry of the substrates. For

example, the confined environment of concave substrate leads to closer proximity

of polymer chains, which could lead to higher possibility of termination. On flat or

convex substrates, the termination could occur via multiple modes. The modes of

termination and experimental data supporting the role of termination in kinetics of

SI-ATRP are discussed in the following sections.

4.3.1 Termination on Flat Substrates

The termination of living chains during SI-ATRP could offer an explanation for

some of the experimentally observed phenomena. For example, termination pro-

vides plausible explanation for the experimentally observed decrease in the growth

rate of the grafted polymer layer, even when no significant monomer depletion is

expected in the bulk contacting solution. This experimental trend has been repeat-

edly reported in the literature for various types of substrates and monomers [60, 98–

100], and has also been supported by an experimentally measured decrease in the

concentration of halide groups on the surface [101].

On flat substrates, the possible termination modes depend on the polymerization

locus. For SI-ATRP accompanied by simultaneous polymerization in the contacting

solution, termination could occur between two surface radicals, two solution

radicals, or between a surface and a solution radical. On the other hand, the

termination could only occur between two surface radicals for surface-confined

SI-ATRP. These possible termination modes are illustrated in Fig. 4.

Termination modes between two solution radicals and between solution and

surface radicals are easily imaginable, because at least one of the participants is a

mobile free chain. On the other hand, it is harder to picture how two randomly
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formed radicals that are fixed to a substrate can reach each other to undergo

termination, especially if they are located far from one another. As discussed in

the section on propagation (Sect. 4.2), with one end of the polymer chain fixed onto

a substrate, the polymer chain cannot move as freely as chains in solution, even

though the local concentration of polymer chains is much higher as a result of

crowding. Only a very small portion of the chains have active ends at any instant,

with most of the chains being capped and dormant. In fact, as demonstrated by Zhou

et al., estimation of the distance between radicals on a highly grafted flat substrate

indicates that termination between two surface radicals is highly improbable, as

denoted in Fig. 4a [102]. It is hard to picture how two surface-constrained radicals

can reach each other for termination to occur.

Gao and colleagues proposed a mechanism by which two radical centers that are

originally present on surface chains that are far apart could have a high probability

of “hopping” to other fixed chains on the substrate [91, 102]. Although the chains

do not move because of their attachment to the surface, the active (radical) ends

could move as a result of the activation/deactivation involved in the basic ATRP

mechanism. Faster migration of active centers from one chain to another, resulting

from more frequent activation/deactivation of surface chains, could increase the

probability of two radicals being adjacent to one another, as illustrated in Fig. 4b.

Therefore, the termination rate is proposed to be proportional to the migration rate,

which in turn depends on the rate of activation/deactivation, as shown by

Eq. (1) [102].
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Fig. 4 Left: Possible termination modes involved in SI-ATRP on a flat substrate. The estimated

distances shown are calculated based on the assumption of high grafting density (1 chain/nm2), a

typical ratio of radical to dormant chains in ATRP ([P•]/[PX]¼ 10�4 to 10�6), and typical brush

thickness of 100 nm. Right: Migration of surface radicals through activation/deactivation in

SI-ATRP promotes termination between surface radicals. Reprinted with permission from Zhou

et al. [102]
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kt / migration rate / C½ �sol ð1Þ

For SI-ATRP, a constant ratio of catalyst to deactivator is supposed to imply a

constant polymerization rate. This is because only a small amount of polymer

chains are present on the surface and therefore do not affect the catalyst-to-

deactivator ratio throughout the polymerization medium. However, experimental

data have shown that an increase in catalyst concentration can result in a faster

leveling-off of the growth rate [103]. This concept of migration-assisted termina-

tion has been used to explain the experimental data, where a decrease in growth rate

of surface chains is observed with increasing catalyst concentration at a constant

ratio of catalyst to deactivator, as shown in Fig. 5.

Another possible explanation for the trend observed in Fig. 5 is the recently

proposed mechanism of catalytic radical termination in solution ATRP [104]. The

proposed termination mechanism for solution ATRP might also be applicable for

SI-ATRP. According to that mechanism, the presence of catalyst can increase the

amount of termination, which contributes to the observed decrease in growth rate.

Another factor to be considered is the possibility that the resulting grafting density

is affected by different concentrations of catalyst. However, as mentioned previ-

ously, the grafting density is not known a priori, nor can it be measured accurately

for a flat substrate.

The termination rate constant has also been proposed to depend on the grafting

density (σ) according to Eq. (2), from comparison of the model-predicted thickness

with experimental data [102]. The exponential decrease in termination rate constant

(kt) as grafting density increases could be a result of conformational change of the

polymer chains.

kt / exp �γσð Þ ð2Þ

Based on the school of termination philosophy, two expressions, Eqs. (3) and

(4), have been developed by two different groups to predict the thickness growth

profile [101, 102]. These two equations were derived from kinetic equations using

Fig. 5 Growth kinetics of

grafted polymer for

different catalyst

concentrations in SI-ATRP

of methyl acrylate

(MA) from gold substrate,

with [MA]¼ 2 M and

[CuBr2/Me6TREN]/[CuCl/

Me6TREN]¼ 0.3. Lines
show the predicted result

from the model. Data points
were experimentally

obtained: squares 40 mM,

circles 2 mM, triangles
0.1 mM [102, 103]
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quasi-steady state assumption (QSSA) kact PX½ � C½ � ¼ kdeact P
�½ � XC½ �, and are appli-

cable for cases with negligible conversion. The first group applied QSSA to the

mass balance of radicals to obtain an expression for the dry grafted layer thickness,

δ, as shown in Eq. (3). On the other hand, the second expression, shown by Eq. (4),
was obtained by applying QSSA to the balance of dead chains. Both equations

predict the growth rate of the grafted layer thickness to decrease with polymeriza-

tion time, which offers an explanation for the tapering off observed in the growth

kinetics of the grafted layer in experiments.

δ / kp M½ �0 P�½ �0t
1þ kt P

�½ �0t
ð3Þ

δ / ln 1þ σkt
ka C½ �
kd XC½ �
� �2

t

 !
ð4Þ

Although data is scarce, some studies have reported the properties of grafted

chains formed by SI-ATRP after cleaving the polymer brush grown on large or

multiple planar substrates [65, 68, 83, 105–107]. Unfortunately, such a comparison

of grafted chain properties with those of free polymers is very limited, because

some of these studies conducted polymerization strictly on the surface [65, 83,

107]. Other studies have reported that collected grafted chains are longer than the

free chains produced during simultaneous polymerization [68, 105, 106]. Similar

findings have also been reported when surface-initiated nitroxide-mediated poly-

merization was employed instead of SI-ATRP [108, 109]. A different trend was

reported by Yamago et al., who found free and grafted chains to possess similar

properties when using surface-initiated organotellurium-mediated living radical

polymerization (SI-TERP) [110].

One way to confirm negligible termination has been reported by Kang

et al. [107]. The authors conducted a SI-ATRP of styrene on a silicon wafer from

a photo-cleavable initiator. The molecular weight of the cleaved polymers was used

to calculate the grafting density. For their polystyrene system, which mainly

terminates via coupling, constant grafting density implies negligible termination.

It should be noted that this method is not valid for other monomers that terminate

via disproportionation, since disproportionation would not affect the grafting den-

sity value calculated using this method.

4.3.2 Termination on Nanoparticles

In SI-ATRP involving nanoparticles, there are two possible modes for termination

between two surface radicals: interparticle and intraparticle termination.

Intraparticle termination is basically similar to termination between two surface

radicals observed on flat substrates, with the additional limitation of a curvature

effect. On the other hand, interparticle termination occurs between chains that are
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fixed on two different nanoparticles. The termination modes in such a particle

system are illustrated in Fig. 6.

A problem that often arises in conducting SI-ATRP on particles is macroscopic

gelation, which occurs as a result of interparticle termination via coupling or

combination. This can result in an increase in viscosity, leading to diffusion-

controlled reactions and loss of polymerization control. The large number of

initiation sites on one particle makes it faster for the system to gel as compared

with a solution polymerization system. By assuming approximately 1,600 initiation

sites per particle, the gelation point can be estimated using Flory’s gelation theory

as occurring when only 0.125% of the chains undergo interparticle coupling

termination [87]. Therefore, macroscopic gelation has been reported even when

no bimodality is reported in the MWD of the cleaved grafted chains [77].

Several ways have been proposed for reducing the macroscopic gelation, includ-

ing using a dilute concentration of particles, or stopping the reaction at low

monomer conversion [77, 78, 86]. Free initiator in the solution is also often

added to the reaction to form free polymers and prevent network formation [111,

112]. However, both of these methods can increase the cost of synthesizing pure

polymer-grafted nanoparticles. Bombalski et al. have shown that macroscopic

gelation can be avoided by conducting SI-ATRP in a miniemulsion system as a

result of radical compartmentalization, as illustrated in Fig. 7 [87].

Another strategy that is effective for avoiding macroscopic gelation is

conducting the polymerization in a high pressure system [76]. When SI-ATRP is

conducted under high pressure the polymerization occurs with an increase in

propagation rate, whereas the termination rate is suppressed. This leads to a faster

polymerization with better living characteristics. Successful synthesis of PMMA

grafted chains, with molecular weight above 1 million and low dispersity (<1.3), on

silica nanoparticles has been reported using miniemulsion AGET-ATRP in a vessel

Fig. 6 Interparticle and

intraparticle termination

modes between two surface

radicals in SI-ATRP on

nanoparticles
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pressurized to 6 kbar [76]. The livingness of the tethered chains, or retention of high

chain-end functionality, was confirmed by conducting SI-ATRP of methyl acrylate

using the PMMA-grafted nanoparticles as surface initiator.

Chakkalakal et al. have observed bimodality in the MWD of grafted polymer on

silica nanoparticles at higher conversion (above 25%) [86]. However, the bimodal

distribution was attributed to intraparticle coupling and/or to the coupling termi-

nation between surface and solution radicals. The termination occurring via

interparticle coupling was considered negligible in their study, based on dynamic

light scattering (DLS) results. They also observed that more termination occurred

for smaller nanoparticles than for larger particles, as suggested by earlier broaden-

ing and bimodality of the MWD.

4.3.3 Termination on Concave Substrates

In the case of systems involving concave substrates, such as porous particles or

cylindrical channels, the confinement effect is expected to be much more severe

than that for flat substrates. In addition to the obvious mass transport issue that

results from a more confined space, the probability of termination could also

increase. Therefore, a less living and less controlled polymerization is expected

in systems involving concave substrates.

Multiple studies have reported a population of shorter grafted polymer chains

with broader distribution in comparison with free/solution polymer chains [88, 89,

113]. Gorman et al. conducted SI-ATRP from a silicon wafer, porous silicon, and

anodically etched aluminum oxide. The results were compared with those of ATRP

conducted in solution under similar conditions. The grafted polymer chains from a

flat substrate were shown to be shorter than the free chains formed in the parallel

solution polymerization. The polymers obtained from concave substrates have an

even lower molecular weight and broader distribution.

The Charleux group has conducted several studies of SI-ATRP in mesoporous

silica nanoparticles [88, 89]. Instead of conducting parallel polymerizations, they

conducted simultaneous polymerization in solution and from the surface. Their

findings were similar to those of Gorman et al., showing grafted chains to have

Fig. 7 Interparticle coupling in SI-ATRP on nanoparticles for bulk and miniemulsion systems.

The compartmentalization of particles in a miniemulsion prevents macroscopic gelation from

occurring. Reprinted with permission from Bombalski et al. [87]
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significantly lower molecular weight with broader distribution than the chains

formed in solution. Moreover, for some of the experiments, the grafted chains

were shown to display multimodal distribution, as characterized using gel perme-

ation chromatography (GPC) (see Fig. 8). The lower molecular weight peak

observed in the distribution did not shift, even at higher conversion, indicating

the presence of dead chains. From this GPC curve, they estimated that approxi-

mately 50% of the chains had been terminated. Characterization of the grafted

chains using mass spectroscopy also provided proof that some of the grafted chains

had undergone termination by disproportionation.

Simulation of polymerization from a concave substrate could prove to be a

challenging task because of the complexity of the system. However, Liu

et al. used coarse-grained molecular dynamic simulation to investigate the effect

of curvature on polymer growth and dispersity [90]. Unfortunately, the polymer-

ization was considered to be a perfectly living polymerization (i.e., in the absence

of termination and other side reactions), thus it does not help in elucidating the role

of termination in SI-ATRP.

4.4 Exchange

At the beginning of normal ATRP, only catalyst and initiator are present in the

solution. As the polymerization progresses, some of the chains undergo bimolecular

termination, resulting in accumulation of the deactivator. The accumulation of

deactivator, termed the persistent radical effect [114], is important in reaching an

equilibrium between dormant and active chains. Indeed, control in ATRP systems

relies on creating an equilibrium between dormant and active chains, as they

Fig. 8 Molecular weight

distributions of grafted

chains for SI-ATRP of

MMA from a concave

substrate. Detailed

experimental conditions are

provided in the original

literature. Mp,l indicates the

molar mass at the peak for

the living chains. (1) 50%,

Mp,l¼ 16,320 g/mol; (2)
62%, Mp,l¼ 21,880 g/mol;

(3) 91%, Mp,l¼ 30,020

g/mol. The lower peak

(Mp¼ 2500 g/mol)

indicates the presence of

dead chains. Reprinted with

permission from Pasetto

et al. [89]
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reversibly react with catalyst and deactivator, respectively. The broadness of the

MWD (i.e., dispersity) is often used as an indicator of how controlled the polymer-

ization is. For cases with negligible termination and high degrees of polymer-

ization, the dispersity (Ð) of polymer chains synthesized through ATRP as a

function of conversion (conv) follows Eq. (5), with the polymerization rate (Rp)

shown by Eq. (6) [115, 116]. Based on Eq. (5), in order to obtain a high degree of

control over the polymerization (low dispersity), there must be a sufficient concen-

tration of deactivator (XC) present in the system. However, it is clear from Eq. (6)

that there is a trade-off between the polymerization rate and degree of control:

Ð ¼ 1þ kp PX½ �0
kd XC½ �

2

conv
� 1

� �
ð5Þ

R p ¼ k p M½ � PX½ � ka C½ �
kd XC½ �
� �

ð6Þ

In SI-ATRP from a flat substrate, the amount of initiator present on the surface is

not nearly enough to provide sufficient accumulation of deactivator in the

contacting system. This leads to an uncontrolled polymerization. Two procedures

are commonly used to mitigate the uncontrolled SI-ATRP from flat substrates: the

addition of free initiator [117] and the addition of deactivator [99]. The presence of

free initiator provides solution chains that do terminate and, hence, accumulate

enough deactivator to control the polymerization. For this reason, the free initiator

is also often referred to as “sacrificial” initiator. Other than for maintaining control

of the polymerization process, free initiator is also added to systems with flat

substrates to provide an estimate of the properties of grafted chains. The validity

of this estimation has been discussed in previous sections. On the other hand, the

addition of deactivator can provide enough deactivator to control the polymer-

ization without requiring surface chains to undergo termination. However, the

addition of too much extra deactivator could result in retardation of the polymer-

ization rate (Eq. 6).

One of the main differences between SI-ATRP from flat substrates involving

addition of free initiator and addition of extra deactivator lies in the formation of

free polymer. The free chains in solution greatly affect the polymerization kinetics

of both chain populations. Because of the small amount of surface chains, the

monomer conversion in SI-ATRP with extra deactivator is negligible. However,

free initiator in solution can consume significant amounts of monomer and cause

monomer depletion. For this reason, a thicker polymer layer is usually obtained

when the polymerization is conducted using SI-ATRP with added deactivator [118,

119]. Figure 9 shows a comparison between the growth profiles obtained from these

two methods.

As noted above, in SI-ATRP with addition of deactivator, the consumption of

monomer is negligible; therefore, the growth profile of the polymer layer with time

is expected to be linear in an ideal case (no crowding or termination effects). On the

other hand, monomer conversion in SI-ATRP with free initiator is not negligible.
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Hence, the growth profile of the polymer layer with conversion is expected to be

linear in an ideal case, where the polymerization rates of solution and surface chains

are the same. Deviation from linearity in the growth profile with time or with

conversion (added deactivator or sacrificial initiator, respectively) could be

explained by applying the philosophy of either the school of propagation or school

of termination, as previously discussed.

In particle systems, as a result of the large surface-to-volume ratio, a sufficient

number of surface initiators might be present to generate the required concentration

of deactivator in the solution. However, free initiator and/or excess deactivator are

still often added to this system. Free initiator is often added for SI-ATRP of

particles for multiple reasons. One reason is to provide better control over the

polymerization, another is to prevent macroscopic gelation resulting from

interparticle coupling.

The type of catalyst has also been shown to affect the equilibrium in SI-ATRP.

Huang et al. compared the use of CuBr with CuCl for SI-ATRP of MMA from silica

nanoparticles [74]. The grafted chains on the nanoparticles were cleaved and their

dispersity used as an indicator of polymerization controllability. They found that

CuBr resulted in faster polymerization but produced a less uniform polymer layer

and higher dispersity. Several researchers have attributed poorer control to differ-

ences in the local concentrations of catalyst and deactivator, which can affect the

equilibrium experienced by the surface chains. According to experimental results

from Behling et al., surface-initiated polymerization occurs faster than solution

polymerization [68]. The difference in polymerization rate was attributed to devi-

ation of the ratio of local concentrations of catalyst and deactivator available to the

surface chains, as shown in Fig. 10. They postulated that in the “viscous front”

(shaded area in Fig. 10) the local concentration of catalyst (C) is higher than that in

the bulk, whereas the opposite is true for the local concentration of deactivator

(XC). Because of the reduced deactivation rate in the viscous front, the surface

radical concentration increases, which results in a faster propagation rate for

surface-tethered chains than for chains present in the contacting solution.

Fig. 9 Growth profiles of

grafted polystyrene on a

silicon wafer with addition

of sacrificial initiator

(circles) or deactivator
(squares). Reprinted with

permission from

Jeyaprakash et al. [118]
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Li et al. investigated the effect of catalyst-to-deactivator concentration ratio on

the growth of a polymer layer on a flat substrate [120]. They induced a gradient of

the concentration ratio of activator to deactivator by using electrochemically

mediated ATRP (eATRP) and tilting the substrate toward the electrode

(as illustrated in Fig. 11). In eATRP, the catalyst is regenerated electrochemically

from the deactivator [20]. By adjusting the distance, the surface closer to the

electrode experiences a higher concentration ratio of catalyst to deactivator, thereby

experiencing a faster polymerization, as indicated by the thickness gradient in the

grafted polymer layer.

4.5 Transfer

Several studies have investigated the importance of chain transfer reactions in

solution ATRP. The importance of chain transfer to ligand was reported by

Fig. 10 The growing viscous front for SI-ATRP postulated by Behling et al. [68]. The local

concentration of catalyst in the shaded area is higher than that in the bulk solution, whereas the

local concentration of deactivator is lower than that in the bulk. (a) conversion of catalyst (e) to

deactivator (○) (b) conversion of deactivator to catalyst. Reproduced with permission from

Behling et al. [68]
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Fig. 11 Generation of a gradient of catalyst-to-deactivator concentration ratio induced by

adjusting the distance between the surface and the electrode, resulting in a gradient in the thickness

of the grafted polymer layer. Reproduced with permission from Li et al. [120]
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Matyjaszewski and coworkers for ATRP of n-butyl acrylate [121]. This chain

transfer reaction was proposed to be the cause of the deviation observed in the

first-order kinetic plot when excess ligand (pentamethyldiethylenetriamine,

PMDETA) was used in the polymerization recipe. The mechanism of the chain

transfer reaction to PMDETA was further investigated by Sharma

et al. [122]. Chain transfer to PMDETA has been proposed to induce a higher

degree of control for SI-ATRP systems containing acrylate monomers [123]. This

was achieved by conducting the SI-ATRP at a higher ratio of ligand to catalyst,

[PMDETA]/[CuBr]¼ 3, in the absence of excess deactivator and free initiator.

Other SI-ATRP studies have also used similar polymerization recipes, with ele-

vated levels of PMDETA for a N-isopropylacrylamide (NIPAM) system showing

great success [64, 124–126].

The extent of chain transfer reactions in SI-ATRP could affect the polymeriza-

tion kinetics and the resulting grafting density of polymers. However, further

studies need to be conducted in order to fully understand the role of chain transfer

reactions in the SI-ATRP mechanism.

4.6 Other Side Reactions

For some monomers (e.g., styrene) thermal self-initiation is unavoidable. This

results in simultaneous polymerization in solution and on the surface, even in the

absence of added free ATRP initiator. The presence of free polymers might not be

desirable, as they can alter the properties of the bulk nanoparticle system, hence

requiring further separation steps. Moreover, the presence of free polymer chains

affects the characterization of grafted polymer properties, including the estimation

of grafting density, potentially generating large errors [79, 127]. Therefore, when

seeking to determine the properties of a hybrid system, the presence of free polymer

chains must be quantified to account for their effect on the system, or to ensure that

they have been fully separated from the system. Figure 12 illustrates how even the

presence of a small amount of free polymer chains can bridge the voids between

grafted nanoparticles at certain particle size/graft chain molecular weight, thereby

altering the material properties.

In nanoparticle systems, the separation of free polymers and grafted

nanoparticles can be tricky and time-consuming. Therefore, it is necessary to

understand factors affecting thermal self-initiation in order to control its rate.

Tchoul and coworkers used size exclusion chromatography (SEC) to quantify the

amount of free polystyrene chains formed during the SI-ATRP of styrene from

nanoparticles (shown in Fig. 13) [79]. They demonstrated the accuracy of using

SEC to quantify the small amount of free polymer chains. They have also shown

that interparticle distance is greatly affected by the presence of free polymer chains,

as indicated by the results of their TEM studies [127]. By quantifying the formation

of free polystyrene, they optimized the reaction conditions to suppress the thermal

self-initiation of styrene. Using the dependence of thermal self-initiation rate on
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time and temperature the authors minimized the rate by using a lower reaction

temperature combined with the use of a more active catalyst system [79, 127].

Chakkalakal et al. conducted SI-ATRP of MMA and styrene from silica

nanoparticles, and their GPC curves showed a bimodality in the MWD of grafted

polystyrene on silica nanoparticles at high conversion [86]. The SI-ATRP was

conducted at an elevated temperature, with free polymers formed by thermal self-

initiation of styrene at 90�C. Even though there was significant bimolecular termi-

nation occurring via a coupling mechanism, as indicated by the bimodal MWD, the

DLS result did not show evidence of interparticle termination. Therefore, the

coupling could occur only by intraparticle coupling or by coupling of a surface

radical with solution radical.

Mu et al. demonstrated the formation of polymer nanocapsules using SI-ATRP

to grow a polymer brush from particles, crosslinking of the tethered polymer brush,

followed by etching of the particles [128]. Silica nanoparticles can work as a

template for the preparation of polymeric nanocapsules. In an extension of this

concept, formation of nanonetwork polymers was demonstrated by Matyjaszewski

and coworkers, as shown in Fig. 14 [129]. In addition to forming a nanocapsule by

etching the silica particles after crosslinking, the authors also showed that a

Fig. 12 Presence of free

polymer chains in a grafted

nanoparticles system. The

free chains act as bridges for

the grafted nanoparticles to

form a network.

Reproduced with

permission from Hui

et al. [127]

Fig. 13 SEC results for

polystyrene grafted from

silica nanoparticles with

different polymerization

recipes. The concentration
axis on the right is only
applicable to the peaks at

16–17 mL. Reprinted with

permission from Tchoul

et al. [79]
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nanonetwork of carbon materials can be obtained by carbonizing the polymer prior

to etching the core of the nanoparticles. The resulting material was a core–shell

system with a mesoporous core from the silica template and a microporous shell

from the intraparticle crosslinking of the tethered carbon precursor polymer brush.

5 Materials

Grafting of polymers on material substrates to impart various surface properties is

advantageous if one desires to govern the interactions between the material and its

surroundings, without compromising its bulk properties. Different surface proper-

ties can be obtained, depending on the type of polymers grafted from the surface.

For example, regarding the increasing trend to use stimuli-responsive polymers,

responsive and switchable surface properties can be obtained by selective grafting

of a polymer brush from a surface. The properties imparted by the grafted polymer

layer depend not only on the type of polymer chemistry, but also on the uniformity,

grafting density, and thickness of the grafted polymer layer. A major advantage of

using SI-ATRP for grafting polymers from a surface is that it allows preparation of

more complex polymer chain microstructures and topologies and better control

over polymer brush properties, which means that more precise surface properties

can be generated. Moreover, the grafting density that can be obtained by SI-ATRP

Fig. 14 Formation of nanonetwork polymers and carbon materials using SI-ATRP from silica

nanoparticles [129]
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is higher than attained by the grafting-to method or by free radical polymerization.

It has been shown that grafted polymers with moderate to high grafting densities

give different properties from those observed for low grafting density [130, 131].

5.1 Flat Substrates

SI-ATRP can be used to synthesize complex polymer brush structures that range

from block copolymer brushes, to linear chains with gradient composition and

gradient molecular weight brushes, to binary brush types, which allows preparation

of hybrid substrates with highly tunable and unique properties [55]. Therefore,

SI-ATRP is a popular method for the preparation of surfaces for biomedical

applications, with numerous papers being published every year on the synthesis

of materials having surface properties required for such applications (antifouling,

antimicrobial, etc.) [132–138]. For biomaterial applications as such as biosensors,

implants, etc., where the material comes in contact with various proteins in a

complex biological environment, it must possess antifouling surface properties.

The antifouling properties improve the performance of biomaterials by reducing the

amount of adsorbed proteins on the surface. These properties can be introduced by

grafting biocompatible polymer brushes via SI-ATRP from the surface, for exam-

ple, by grafting hydrophilic neutral or zwitterionic polymers. The group of Zhu and

Brash investigated the biocompatibility of silicon [61, 100, 139–149], gold [150],

and polymeric [151–154] surfaces grafted with hydrophilic and zwitterionic poly-

mer brushes. Feng and coworkers from the same group compared the protein

resistance of silicon surfaces grafted with poly(2-methacryloyloxyethyl phosphoryl-

choline) (PMPC) or POEGMA, having various grafting densities and chain lengths

[146–149]. They reported lower fibrinogen adsorption and platelet adhesion for

surfaces with higher grafting density and longer chain length, but the results were

similar for both types of polymer brushes. This result suggests that a water barrier

created in the presence of both brushes plays a major role in improving resistance to

protein adsorption.

In addition to the antifouling properties, some biomaterials should also possess

antimicrobial properties to prevent bacterial infection. The grafted polymer brushes

can suppress bacterial growth by reducing bacterial adhesion or by acting as a

tethered biocide and killing the bacteria by cellular disruption. The polymers that

are used to impart antifouling properties also generally reduce the adhesion of

bacteria on the surface to a certain degree. Chang’s group grafted a zwitterionic

polymer brush onto titanium and stainless steel via SI-ATRP and prepared surfaces

with high resistance to cell, bacterial, and protein adhesion [155, 156]. They

reported at least 95% reduction in bacterial adhesion on the grafted surfaces

compared with reference unmodified surfaces, showing the great potential of poly

(sulfobetaine methacrylate) (PSBMA) for the preparation of biocompatible

implants. Matyjaszewski’s group has demonstrated that the introduction of quater-

nary ammonium groups into the backbone of polymer brushes can kill bacteria
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[157, 158]. Using SI-ATRP, they grafted PDMAEMA from glass, filter paper, or a

polypropylene slide, followed by quaternization of the tertiary amino groups. The

modified surfaces exhibited significant antimicrobial properties. The group also

showed that the killing efficiency depends on the polymer brush chain length, with

longer chains showing higher killing efficiency. Yu et al. combined a thermo-

responsive polymer (PNIPAM) with a quaternary ammonium salt and prepared

self-cleaning antimicrobial surfaces, as illustrated in Fig. 15 [159]. The thermally

responsive behavior of PNIPAM allowed the surface to expel the dead bacteria

when PNIPAM switched to its extended conformation, resulting in self-cleaning

properties that could be controlled simply by adjusting the temperature in the

contacting environment.

PMPC has also been grafted onto a surface to improve the surface lubrication

properties [160–162], because some applications, such as biological surfaces in

artificial joints, require extremely low friction properties. Kobayashi et al. studied

the friction behavior of PMPC brushes synthesized by SI-ATRP compared with

other polyelectrolyte brushes [160, 161]. They found that higher humidity resulted

in generation of lower friction properties for the surface, which was attributed to the

presence of adsorbed water molecules in the polymer brush. In other words, the

lubrication properties induced by polymer brushes depend heavily on the surround-

ing environment. A similar finding was reported by Nomura et al., who investigated

the dependence of lubrication on the swelling characteristics of a polystyrene brush

(controlled by the solvent composition), and by Bielecki et al. who studied the

tribological properties of surfaces grafted with various alkyl methacrylates [163,

164]. Nomura and coworkers proposed that the lubrication properties of densely

grafted polymer brushes followed two mechanisms, namely boundary lubrication

and hydrodynamic lubrication.

Grafting of stimuli-responsive polymers broadens the applicability of grafted

surfaces. Depending on the polymer grafted, the surface can reversibly switch its

properties in response to different stimuli. Kumar et al. grafted various diblock

copolymers, with the outer block being a stimuli-responsive polymer, as shown in

Fig. 16 [165]. The inner block acted as a reservoir for small molecules, which were

released when the outer block assumed a chain-extended conformation after exter-

nal stimulus was applied. The same research group also grafted a CO2-responsive

polymer, PDEAEMA, onto silicon- and gold-coated substrates [166]. The modified

Fig. 15 Self-cleaning,

antimicrobial surface

prepared by utilizing

PNIPAM and a quaternary

ammonium salt.

Reproduced with

permission from Yu

et al. [159]
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surfaces underwent reversible adsorption and release of proteins simply by bub-

bling carbon dioxide into the contacting medium. There are also many studies using

thermoresponsive polymers for the preparation of smart biosurfaces. By grafting

OEGMA on gold surfaces, Wischerhoff et al. obtained surfaces with temperature-

switchable cell adhesion/antifouling properties [167]. Liu et al. showed how

stimuli-responsive polymer brushes of PNIPAM and PDMAEMA could be used

to prepare surfaces with switchable adhesive properties and demonstrated how the

mobility of water droplets on the surface was controlled by changing the temper-

ature or pH [126].

Another interesting feature that can be introduced to a surface using SI-ATRP is

the property of self-healing. Takahara and colleagues demonstrated reversible

nanoscale adhesion/separation of two substrates by grafting a polyelectrolyte hav-

ing a positive charge on one surface and a negative charge on the other using

SI-ATRP [168]. The electrostatic attraction between polymer brushes on these two

surfaces created a strong adhesion, which could be reversibly released by adding a

salt solution. However, adhesion of the two oppositely charged polyelectrolytes

released salt into the solution, which affected the resulting adhesion. To counter this

problem, the same research group grafted zwitterionic polymer brushes onto both

substrates to achieve a similar reversible adhesion/separation feature through

dipole–dipole interactions [169]. The adhesion reversibility of the surfaces grafted

with zwitterionic polymer brushes was found to be better than that of surfaces with

oppositely charged polyelectrolyte brushes. Moreover, the de-bonding reaction was

achieved simply by placing the substrate in water at an elevated temperature of

50�C.
SI-ATRP can also be used to modify the surface properties of metals. Several

types of acrylic monomers have been grafted on metal surfaces, such as iron, steel,

nickel, copper, and stainless steel [170–173]. The grafted surfaces showed signifi-

cant improvement in corrosion resistances compared with the unmodified surface

[171]. Moreover, some researchers have found an iron catalyst to be more efficient

than copper in controlling SI-ATRP on these surfaces [171, 172]. SI-ATRP is also

an excellent tool for producing patterned polymer brushes by immobilizing the

initiator moieties in desired patterns, through methods such as microcontact print-

ing [84], polymer pen lithography [174], and many others [175, 176]. A review by

Chen et al. discussed various synthesis methods and applications of patterned

polymer brushes [177]. Recent studies of patterned polymer brushes via SI-ATRP

have focused on the preparation of large surfaces [174, 176].

Fig. 16 Diblock

copolymers with stimuli-

responsive outer block

grafted onto a substrate to

release dye molecules when

an external stimulus

(temperature, pH, or light)

is applied. Reproduced with

permission from Kumar

et al. [165]
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5.2 Concave Substrates

SI-ATRP can be employed to graft polymers from porous materials. The thickness

of grafted polymer can be precisely controlled, eliminating possible blockage of

small pores in membranes or other porous materials. Indeed SI-ATRP has been

used to modify the surface of membrane pores for various purposes, such as to

impart antifouling properties [178], improve biocompatibility, and/or to introduce

surface responsiveness to external stimuli. The use of SI-ATRP also ensures no

significant change in the pore size distribution after grafting. In one example,

PNIPAM was grafted from ultrafiltration membranes (pore diameter 110 nm) and

gave the surface thermoresponsive properties [179]. The pore diameter of the

membrane could be changed by changing the temperature to above or below the

lower critical solution temperature of PNIPAM. Chen et al. synthesized a mem-

brane that responded to four different stimuli, namely temperature, pH, salt con-

centration, and type of anion [180]. The multistimuli-responsiveness was achieved

by grafting a diblock copolymer brush of PNIPAM and poly(methyl acrylate)

(PMA) from the membrane pores using SI-ATRP. By changing the copolymer

composition ratio, the gating behavior of the membrane in response to an external

stimulus could be altered as desired (see Fig. 17). A recent review by Ran

et al. summarized various studies of functionalization of membranes using

SI-ATRP [181].

Ordered mesoporous silica nanoparticles have shown significant potential for

use as biomedical devices, such as drug delivery carriers [182]. In one example, a

thermoresponsive polymer, PNIPAM, was grafted onto porous substrates, which

allowed formation of surface-responsive properties in the pores [183]. The confor-

mation change of PNIPAM brushes with temperature was used to initiate the

ΔT

Anions

e

ab

c

d

ΔpH

ΔCsalt

Fig. 17 Quadri-stimuli-

responsive properties

of PNIPAM-b-poly

(methacrylic acid)-grafted

gating membrane

responding to temperature,

anion type, pH, and salt

concentration. Black lines
show the responsive nature

of the PNIPAM segment

and red lines show the

responsive nature of the

poly(methacrylic acid)

segment of the polymer

brush. Reproduced with

permission from Chen

et al. [180]
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release of drugs contained inside the pores. Through this approach, drug release can

be triggered by various external stimuli, such as temperature and pH.

Shen et al. used SI-ATRP to modify the surface of a polymeric monolith with

grafted PDMAEMA to impart pH and salt-responsive properties. Because of the

controlled and living characteristic of SI-ATRP, the surface hydrophobicity could

be controlled by varying the polymerization time. The responsive monolithic

surface was used to prepare materials for an HPLC column to control the retention

of steroids [184]. Filter paper is another popular concave substrate that can be

modified using SI-ATRP. As previously mentioned, Matyjaszewski’s group used

SI-ATRP to graft PDMAEMA onto filter paper, which was subsequently modified

to form quaternized ammonium units, which act as a biocidal agent [157]. Jiang’s
group recently reported the synthesis of a highly sensitive, low fouling, glucose

sensor by grafting poly(carboxy betaine methacrylate) (PCBMA) onto cellulose

filter paper [185]. As a result of the hydrophilic properties of the polymer brushes,

the grafted filter paper exhibited a fast response in detecting the presence of glucose

in complex media.

Carbon black is another type of inexpensive material with excellent bulk prop-

erties. However, it possesses surface properties that are incompatible with many

other materials. Consequently, a suspension of carbon black in a matrix material is

often unstable. Modification of carbon black surface via SI-ATRP has been

reported by Matyjaszewski’s group [186]. The dispersibility of the modified carbon

black was significantly improved. In addition, various other functional groups have

also been successfully introduced onto the surface.

5.3 Convex Substrates

There are a variety of reasons for surface modification of nanoparticles through

grafting including, but not limited to, improving colloidal stability, generating

smart properties through the use of stimuli-responsive polymers, and altering the

surface properties of a particle for specific applications. The resulting properties

depend not only on the grafting density and the average length of the chains grafted

from the particles, but also on the uniformity of the polymer layer. These polymer

chain properties affect the polymer brush conformations and can be precisely

tailored by using SI-ATRP. For example, the dependence of the ordered/disordered

formation on the chain length and particle size of nanoparticles has been investi-

gated, as qualitatively shown in Fig. 18 [187]. In addition, the effect of polymer

architecture on the final properties, such as mechanical and thermal properties, of

the resulting materials has been systematically studied [188, 189]. It is also possible

to graft polymer brushes onto nanoparticles to obtain particles with a prespecified

average refractive index value, which can be used as fillers [190]. By tuning the

refractive index of the final particles, by taking into consideration the refractive

index of the inorganic core and the polymer shell along with the thickness of the

shell, a core–shell particle can be prepared with a refractive index that matches the
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targeted matrix material and, thus, a transparent nanofilled reinforced composite

can be obtained. This allows all the benefits of using nanofillers without

compromising the optical quality of the material.

Polymer-coated magnetite nanoparticles are gaining popularity due to their wide

applicability. These particles combine the magnetic properties of the core with the

functional groups of the polymer brush shell [191]. Bull et al. reported a method for

preparation of multigram magnetite nanoparticles using a polymeric surfactant,

which was synthesized via ATRP [192]. Another method often utilized to synthe-

size magnetic nanoparticles with a polymer coating is through surface-initiated

polymerization. The use of SI-ATRP to introduce a polymer layer onto these

nanoparticles has been investigated for various purposes. Polymer brushes can be

introduced to provide better dispersion [193–196]. Another potential application

demonstrated for polymer-coated magnetite nanoparticles is for oil–water separa-

tion, as shown in Fig. 19 [197]. The negatively charged grafted polymer allows the

nanoparticles to absorb water, which can be separated from the oil phase by

applying an external magnetic field. The magnetic properties of the original parti-

cles are retained in the grafted particles, making it easy to separate the particles

from the oil phase.

Dong et al. used SI-ATRP to prepare recyclable antimicrobial substrates from

magnetite nanoparticles [198]. They grew PDMAEMA brushes from magnetite

nanoparticles, followed by further reaction to form quaternary ammonium groups.

The resulting nanoparticles exhibited antimicrobial properties and excellent recy-

clability as a result of the presence of quaternary ammonium groups and the

magnetic properties of the cores. Stark’s group proposed a method for producing

magnetic inks, which can be used for greener paper recycling processes, via

SI-ATRP [194, 199]. The magnetic inks consisted of carbon-coated magnetite

nanoparticles, which were grafted with polymer brushes to improve their stability

in water. The use of magnetic inks allowed easy de-inking of papers, reducing the

Fig. 18 Dependence of

order formation on the

degree of polymerization

and the particle size.

Reproduced with

permission from Choi

et al. [187]
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use of toxic chemicals needed for bleaching the papers. Moreover, magnetic inks

from the recycling process could be recovered for subsequent reuse. Gu

et al. prepared magnetic nanoparticles grafted with block copolymer of polyhedral

oligomeric silsesquioxanes (POSS) and PMMA using SI-ATRP [196]. These

nanoparticles can be used as smart fillers, as their location in the solution can be

controlled using a magnetic field, allowing localization of fillers. The localization

of fillers is beneficial in minimizing the amount of filler required to achieve the

same surface properties. The resulting PMMA film containing these fillers

exhibited 30% improvement in the indentation microhardness compared with film

without fillers.

Post-grafting modification of nanoparticles allows even more variation in the

attainable polymeric architectures. By crosslinking the polymer brushes on

nanoparticles after SI-ATRP, polymeric nanocapsules can be obtained by etching

the nanoparticles [128]. Carbonization prior to etching allows formation of

nanonetwork carbon materials [129]. The polymer brush can also be acidified to

form an acidic brush layer, which can be used as a reusable catalyst in the

dehydration of fructose [200].

SI-ATRP has also been used to modify the surface of quantum dots in order to

improve the dispersibility and stability of these nanoparticles. Farmer and Patten

demonstrated the use of SI-ATRP to graft PMMA from CdS/SiO2 core–shell

nanoparticles [201]. A film formed from the resulting grafted nanoparticles

exhibited the same luminescence properties as the CdS core, with the inorganic

cores uniformly distributed throughout the polymer matrix. Esteves et al. reported

grafting of poly(n-butyl acrylate) from CdS quantum dots via miniemulsion ATRP

[202]. Characterization of the nanocomposites demonstrated an even dispersion of

CdS cores in the polymer matrix.
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Fig. 19 Zwitterionic polymer brushes on magnetite nanoparticles as a tool for separating oil and

water. Reprinted with permission from Liu [197]
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Janus particles have attracted increasing research interest because of the unique

properties imparted by their asymmetric structure [39]. One way to synthesize

Janus particles is by introducing different polymers onto each side of the particle,

thus introducing asymmetric surface properties. Berger et al. used a two-step

process involving SI-ATRP followed by a grafting-to approach to immobilize

oppositely charged polyelectrolyte brushes on opposite sides of the particles

(PAA on one side, poly (2-vinyl pyridine) on the other) [203]. As a result of the

pH-responsive nature of the polymer brushes, the resulting Janus particles exhibited

pH-responsive aggregation. Liu et al. reported the synthesis of Janus particles via

biphasic SI-ATRP at a Pickering emulsion interface [204]. Zhou et al. synthesized

Janus particles, with poly(ε-caprolactone) and PNIPAM, through a combination of

polymer single-crystal templating and SI-ATRP, as illustrated in Fig. 20 [205].

6 Conclusions

SI-ATRP is a very rapidly developing area of the polymer and materials sciences.

The scope of the procedure is constantly evolving, benefiting from new advances in

ATRP, such as new catalysts and new initiating techniques, but also from seeking to

meet an increasing demand for new advanced nanostructured materials. New ATRP

techniques such as eATRP and photoATRP that are mediated by external stimuli

have been successfully applied for modification and patterning of surfaces. The

modified surfaces can provide extraordinary properties in terms of adhesion, lubri-

cation, antifouling, and antimicrobial behavior. As described in this review, modifi-

cation of flat, concave, and convex surfaces with polymeric brushes dramatically

alters the surface properties of the substrates and provides good dispersibility of

R R

PCLsingle crystal

PNIPAM

Initiator

SI-ATRP
NIPAM

C
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R: -Si(OC2H5)3
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Fig. 20 Synthesis of Janus nanoparticles using a combination of polymer single-crystal

templating with SI-ATRP. Reprinted with permission from Zhou et al. [205]
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nanoparticles, creates responsiveness in membranes, and provides other properties

to composite materials. Although the general polymerization kinetics and mecha-

nisms of homogeneous ATRP and SI-ATRP are similar, there are some peculiar-

ities that can alter the molecular properties of the tethered polymer chains. These

differences are based on the specific distribution of active centers anchored to

surfaces, diffusion, congestion, and other phenomena. SI-ATRP sometimes resem-

bles other CRP systems but also carries some specific behavior associated with the

activator/deactivator nature of ATRP catalysts. Better understanding of such

mechanistic features will help in the design and synthesis of new and more efficient

hybrid materials.
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135. Barbey R, Lavanant L, Paripovic D, Schüwer N, Sugnaux C, Tugulu S, Klok H-A (2009)

Polymer brushes via surface-initiated controlled radical polymerization: synthesis, character-

ization, properties, and applications. Chem Rev 109(11):5437–5527

136. Siegwart DJ, Oh JK, Matyjaszewski K (2012) ATRP in the design of functional materials for

biomedical applications. Prog Polym Sci 37(1):18–37

137. Yu K, Mei Y, Hadjesfandiari N, Kizhakkedathu JN (2014) Engineering biomaterials surfaces

to modulate the host response. Colloids Surf B Biointerfaces 124:69–79

138. Zhang L, Ning C, Zhou T, Liu X, Yeung KWK, Zhang T, Xu Z, Wang X, Wu S, Chu PK

(2014) Polymeric nanoarchitectures on Ti-based implants for antibacterial applications.

ACS Appl Mater Interfaces 6(20):17323–17345

139. Feng W, Brash JL, Zhu S (2006) Non-biofouling materials prepared by atom transfer radical

polymerization grafting of 2-methacryloloxyethyl phosphorylcholine: separate effects of

graft density and chain length on protein repulsion. Biomaterials 27(6):847–855

140. Feng W, Zhu S, Ishihara K, Brash JL (2005) Adsorption of fibrinogen and lysozyme on

silicon grafted with poly(2-methacryloyloxyethyl phosphorylcholine) via surface-initiated

atom transfer radical polymerization. Langmuir 21(13):5980–5987

141. Gao X, Feng W, Zhu S, Sheardown H, Brash JL (2008) A facile method of forming nanoscale

patterns on poly(ethylene glycol)-based surfaces by self-assembly of randomly grafted block

copolymer brushes. Langmuir 24(15):8303–8308
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Reversible Addition-Fragmentation Chain

Transfer Polymerization from Surfaces

Youliang Zhao and Sébastien Perrier

Abstract Reversible addition–fragmentation chain transfer (RAFT) polymerization-

based surface modification has emerged as a powerful tool for preparation of well-

defined polymers grafted solid substrates. Combination of the RAFT process with

highly efficient ligation reactions involving click chemistry can further extend its

application in controlled synthesis of functional hybrid and composite materials. This

review highlights some basic features of this method and describes synthesis of

polymer-grafted solid surfaces such as silica particles,metal oxide, gold nanoparticles,

cellulose, and graphene oxide. Applications of such functional materials, including

their use in functional additives, bioactive surfaces and biomaterials, stationary phases

for chromatographic applications, and preparation of hollow capsules andmolecularly

imprinted polymer films, are also summarized.

Keywords Click chemistry • Graft reaction • Hybrid material • Post-

polymerization modification • RAFT polymerization • Surface modification
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1 Introduction to the RAFT Process

Reversible addition–fragmentation chain transfer (RAFT) polymerization [1, 2]

proceeds by a degenerative chain transfer mechanism in which a thiocarbonylthio

group is exchanged between growing polymeric chains. The RAFT process was

developed independently by Moad, Rizzardo, and Thang from the Commonwealth

Scientific Research Organisation (CSIRO) group [3] and Zard and coworkers in

collaboration with Rhodia [4]. The technique developed by Zard and coworkers,

although mechanistically identical to that developed by the CSIRO group, used

xanthates as the transfer agent and was coined “macromolecular design via the

interchange of xanthates” (MADIX). Because these techniques only differ in the

nature of the chain transfer agent (CTA), both are referred to here as RAFT for

clarity.

The reactivity and, hence, suitability of a RAFT agent (CTA) for polymerizing

different monomers is determined by the nature of the R and Z substituents. The

Z-group influences both the activity of the thiocarbonyl group for radical addition

and the stability of the resulting radical species, whereas the R-group initiates the

growth of new polymeric chains. RAFT polymerization consists of the addition of a

small amount of thiocarbonyl thio-based CTA to a conventional free radical

polymerization system. The mechanism is thought to occur as described in

Scheme 1. This mechanism comprises an initiation step (I) in which radicals are

produced, for instance from thermal decomposition of a radical initiator (e.g.,

AIBN). These radicals then react with monomer, forming oligomers, before

reacting with the RAFT agent (II). As the reactivity of the thiocarbonyl thio

group is higher than that of the monomer, most of the RAFT agent is consumed

to form oligomeric adducts before propagation occurs. This adduct can then

fragment back to the oligomer and original RAFT agent, or form an oligomeric

RAFT agent and R-group radical that can then reinitiate (III). To ensure that the
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reaction is controlled, the R-group must fragment from the RAFT agent at least as

fast as the monomer or initiator, and reinitiate polymerization effectively. After this

initial step, the reaction proceeds under equilibrated conditions, with radicals

propagating and regularly transferring to the RAFT agent (IV). The kinetics of

RAFT polymerization is close to that of conventional free radical polymerization,

and is typically governed by the monomer concentration, with termination events

determined by the amount of initiator that has decomposed. This is a feature of the

RAFT process; unlike other types of living radical polymerizations, the number of

dead chains in a RAFT system is exactly known because it corresponds to the

number of initiating radicals (assuming no side decomposition reactions of the

CTA) [5]. Therefore, optimal control in short reaction times is obtained when the

ratio of CTA to initiator is kept as low as possible (typically 100), and monomer

concentration is maintained around 2–3 M [6–8].

The reactivity of the RAFT agent is a crucial factor in achieving controlled

polymerization [9]. In addition to the R-group, which ensures effective chain

transfer and reinitiation, the Z-group must be of appropriate activity for the

monomer being polymerized. The Z-group both activates the thiocarbonyl bond,

(I) Initiation

(II) Chain transfer

(III) Reinitiation/Propagation

(IV) Chain equilibration

(V) Termination
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thus controlling the rate of addition, and stabilizes the intermediate radical, which

controls the fragmentation step. The rates of addition and fragmentation required

depend on the nature of the monomer being polymerized. Figure 1 shows a range of

R- and Z-groups and their suitability for the polymerization of a selection of

common monomers.

2 Synthetic Strategies for Surface-Grafted RAFT

Polymerization

Surface-grafted RAFT polymerization differs from other techniques by the type of

possible tethering points for attaching polymeric chains to the substrate surface.

Grafting can occur by attaching the RAFT agent to the substrate either via its

R-group (Scheme 2a) or its Z-group (Scheme 2b). Attaching the RAFT agent by its

R-group is defined as a “grafting-from” approach. Using the Z-group as tethering

point is often acknowledged as a “grafting-to” approach, because the chains grow

away from the substrate before reacting back onto the tethered RAFT agent.

Alternatively, chains can be grafted by attaching the free radical initiator to the

substrate (typically a thermal initiator).

Fig. 1 Guidelines for the selection of Z-groups and R-groups for the polymerization of methyl

methacrylate (MMA), styrene (S), methyl acrylate (MA), acrylamide (AM), acrylonitrile (AN) and
vinyl acetate (VAc). For Z, addition rate decreases and fragmentation rate increases from left to
right. For R, fragmentation rates decrease from left to right. Dashed line indicates partial control.
Adapted from Moad et al. [9]
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Tsujii et al. first described a silica-supported R-group RAFT agent prepared by

transforming the bromide group of a polystyrene (PS) chain grafted onto silica by

atom transfer radical polymerization (ATRP) into a dithiobenzoate. The authors

then used these particles to mediate the RAFT polymerization of styrene [10]. Li

and Benicewicz proposed a more direct approach to surface-initiated RAFT

(SI-RAFT) polymerization by directly attaching a dithiobenzoate RAFT agent to

the surface of silica particles [11, 12]. This approach is now more widely adopted,

and improved control over the polymerization is obtained by introducing a free

RAFT agent, which favors rapid exchange between surface-bound radicals and free

chains. The free polymeric chains obtained in such a process provide a good

indication of the molecular weight and polydispersity of the grafted chains [10,

13, 14]. However, at high surface density of RAFT agent, the tethered chains could

have a higher molecular weight than the free chains, because slow diffusion of

species leads to grafted chains growing via an uncontrolled radical process. Typi-

cally, excellent control over the polymerization is achieved, although reactions

have to be kept at low monomer conversion (<20%) [14].

The ability to graft polymeric chains by tethering the RAFT agent via its

Z-group is a unique feature of the RAFT process. In this approach, a propagating

polymeric chain diffuses to the surface of the particle to undergo the degenerative

transfer, a process closer to the grafting-to approach than the grafting-from

approach. The first example of this synthetic route was provided by Perrier and

Zhao, who functionalized Merrifield resin and silica particles by attaching a

Z-supported RAFT agent to mediate polymerization [15–18]. The same concept
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Scheme 2 Synthetic routes to diblock copolymer-grafted solid substrates (SS) via the R-group

approach (a) or Z-group approach (b)
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was extended to the use of xanthate, to mediate polymerization of vinyl acetate

from a Wang resin [19]. A noteworthy feature of the Z-group approach is that it

produces “pure” living polymeric chains, as each polymer chain bound to the

particle is end-functionalized by the Z-group of the RAFT agent and can therefore

be purified from dead chains, which remain in solution. This synthetic route,

however, suffers from the typical drawback of the grafting-to approach: steric

hindrance of the chains diffusing to the surface-anchored Z-group leads to low

grafting density. Zhao et al. exploited this aspect of the reaction by reacting azide-

functionalized silica particles with alkyne Z-functionalized RAFT agents in a

parallel copper(I)-mediated azide–alkyne cycloaddition (CuAAC)/RAFT approach

[20]. The silica–polymer core–shell nanoparticles obtained by this process were

only partially grafted with polymer chains, by reaction with some azide groups. The

polymer grafts were subsequently cleaved from the particles and the remaining

unreacted azide groups were employed for further RAFT/CuAAC reactions. This

process permits use of the silica particles as a reusable solid support to generate

pure living polymers.

A very interesting study by Ranjan and Brittain compared the R- and Z-group

approaches by attaching an alkyne-functionalized RAFT agent to azide-

functionalized silica particles via either the R- or Z-group using CuAAC. The

authors showed that a much higher grafting density could be obtained via the

R-group approach than via the Z-group method [21–23]. An elegant synthesis by

Rotzoll and Vana confirmed these observations: the authors grafted PMA loops to

silica surfaces by employing a bifunctional RAFT agent anchored by both its R- and

Z-groups [24, 25]. The polymeric chains grafted by the RAFT agent Z-group

exhibited higher molecular weights than the chains obtained from an R-group-

tethered RAFT agent. The authors proposed that larger propagating polymer chains

were capable of reacting with the RAFT agents tethered by their Z-group as a result

of the lower steric hindrance caused by low grafting densities.

In addition to Z-supported RAFT graft polymerization, some other grafting-to

strategies have been developed for preparation of hybrid and composite materials.

These protocols are usually based on efficient ligation reactions in which “as-

prepared” RAFT polymers are attached to surface-functionalized solid substrates.

Such reactions include CuAAC, thiol-based click chemistry, ligand exchange [26–

29], esterification and carbodiimide chemistry [30], alkoxylsilane–hydroxyl cou-

pling, Diels–Alder reactions [31, 32], and functional RAFT polymers as precursors

or templates for formation of metal oxide nanoparticles [33, 34]. For instance,

Kaupp et al. synthesized novel photosensitive RAFT agents based on ortho-
quinodimethane (photoenol) chemistry for advanced microparticle design, in

which the photoenol group reacted with dieneophiles under mild irradiation

(λmax¼ 320 nm) and ambient conditions [31]. With the aid of a light-induced

grafting reaction, RAFT polymers could be grafted onto porous poly(glycidyl

methacrylate) (PGMA) microspheres, and Janus microspheres could be prepared

by employing a Pickering emulsion approach. Meanwhile, Kaupp et al. also

reported photo-induced functionalization of spherical and planar surfaces via
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caged thioaldehyde end-functionalized RAFT polymers, in which the terminal

photogenerated thioaldehyde could undergo hetero Diels–Alder reactions with

dienes as well as reactions with nucleophiles [32]. The terminal photoreactive

polymers were photografted to porous diene-reactive polymeric microspheres to

form core–shell objects with grafting densities of up to 0.10 molecules/nm2. In

addition, the versatility of the thioaldehyde ligation was evidenced by spatially

resolved grafting of PS onto nucleophilic groups present in polydopamine-coated

glass slides and silicon wafers via two-photon direct laser writing imaged by time-

of-flight secondary ion mass spectrometry (ToF-SIMS). As an alternative to tradi-

tional polymer–metal nanoparticle hybrids prepared by ligand exchange with thiol-

terminated polymers [26–29], Liu and coworkers reported an alternative approach

to the size-selective and template-free synthesis of asymmetrically functionalized

ultrasmall (<4 nm) gold nanoparticles (AuNPs), stably functionalized with a single

amphiphilic triblock copolymer chain per nanoparticle [35]. The RAFT-

synthesized copolymer had poly(ethylene oxide) (PEO) and PS outer blocks and

a 1,2-dithiolane-functionalized AuNP-binding middle block, poly[lipoic acid

2-hydroxy-3-(methacryloyloxy)propyl ester-co-glycidyl methacrylate]. Directed

nanoparticle self-assembly was used to afford organic–inorganic hybrid micelles,

vesicles, rods, and large compound micelles by taking advantage of the rich

microphase separation behavior of the as-synthesized AuNP hybrid amphiphilic

triblock copolymers.

The use of free radical initiator tethered to a surface is an alternative approach to

surface-grafted RAFT polymerization. Baum and Brittain were the first to report

RAFT polymerization using a silica-functionalized free radical initiator,

azoundecylchlorosilane [36]. The polymerization was mediated by a free

cumyldithiobenzoate RAFT agent in solution, and yielded a mixture of free and

grafted chains. Rotzoll and Vana proposed an interesting alternative method that

involved attaching both a free radical initiator and a RAFT agent onto a silica

particle; this strategy led to grafted particles with no observable free chains in

solution [37]. More recently, Le-Masurier et al. proposed an original approach to

grafting polymeric chains from silica particles coated with polydopamine [38]. The

authors used a RAFT agent bearing a latent isocyanate functionality (azide car-

bonyl) on its R-group [39] to mediate polymerization. The carbonyl azide of the

RAFT agent was converted into an isocyanate group as the R-group fragmented

from the CTA, followed by rapid addition of the isocyanate onto the amine and

hydroxyl groups of the polydopamine substrate. In this system, the mechanism is a

hybrid between grafting-to and grafting-from in the early steps of the polymeri-

zation, but rapid addition of the isocyanate group formed in situ to the substrate

ensures that the polymerization rapidly follows the traditional grafting-from route.

This approach is versatile because it does not require prefunctionalization of the

particles with a CTA. The approach also enables fine-tuning of the grafting density,

thanks to the selectivity of the isocyanate reaction with amine (no catalyst required)

and hydroxyl (catalyst required) groups.
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3 Synthesis of Polymer-Grafted Solid Substrates via

the RAFT Process

3.1 Polymer-Grafted Silica Particles

Silica–polymer hybrids have attracted much attention recently because of their

wide range of applications in adhesion, biomaterials, coatings, composites, micro-

electronics, and thin films [40–45]. Thus far, silicon-based surfaces such as silica

particles, silicon wafers, and polyhedral oligomeric silsesquioxanes (POSS) have

been subjected to covalent modification with polymers to generate the target

hybrids. Of these, silica (nano)particles have some advantages, including high

mechanical strength, permeability, thermal and chemical stability, relatively low

refractive index, and high surface area. They are usually chosen as ideal solid

substrates for surface modification.

If polymerizable vinyl bonds are tethered to the surface of silica particles,

subsequent copolymerization can be readily used to achieve silica–polymer

hybrids. Guo et al. reported the synthesis of well-defined lactose-containing poly-

mer grafted onto silica particles, in which poly(2-O-methacryloyloxyethoxyl-

(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-(1-4)-2,3,6-tri-O-acetyl-β-D-gluco-
pyranoside) (PMAEL) obtained by cumyl dithiobenzoate (CDB)-mediated RAFT

polymerization was grafted onto γ-methacryloxypropyltrimethoxy-modified silica

particles and then deprotected to generate lactose-carrying polymer-grafted silica

[46]. Chinthamanipeta et al. reported the preparation of poly(methyl methacrylate)

(PMMA)–silica nanocomposites via the “grafting-through” approach, in which

3-methacryloxypropyldimethylchlorosilane was used to attach methacryl groups

to the silica surface, and RAFT polymerization produced the target nanocomposites

with controlled molecular weight up to 100 kDa [47]. Yang et al. synthesized

silica–PS core–shell particles by SI-RAFT, in which poly(γ-methacryloxypropyl-

trimetboxysilane)-based macro-RAFT agents were immobilized onto the silica

surface via a silane coupling. Subsequent grafting of polymer onto silica formed

core–shell nanostructures showing a sharp contrast between silica core and

polymer shell in the phase composition [48]. More recently, aerogel–PS

nanocomposites with mixed free and aerogel-attached PS chains were

synthesized by Sobani et al. via a grafting-through approach using

3-methacryloxypropyldimethylchlorosilane as an aerogel modifier [49].

Using Z-supported RAFT graft polymerization, Zhao and Perrier synthesized a

series of homopolymer- and diblock copolymer-grafted silica particles and fumed

silica. The grafted chains comprising poly(methyl acrylate) (PMA), poly(butyl

acrylate) (PBA), poly(N,N-dimethylacrylamide) (PDMA), poly(N-isopropyla-
crylamide) (PNIPAM), PMMA, and PS segments usually had controlled chain

length and relatively low polydispersity [16–18]. Stenzel and coworkers prepared

stimuli-responsive glycopolymer brushes composed of poly(N-acryloyl glucos-

amine) (PAGA) and PNIPAM, in which the RAFT agent was immobilized on the

surface of a treated silicon wafer. PAGA and PNIPAM brushes generated by
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Z-supported RAFT polymerization showed a linear increase in brush thickness with

the consumption of monomer in solution [50]. In addition to enhanced brush

thickness after chain-extension polymerization, the suggested mechanism (whereby

the second monomer NIPAM was incorporated between the first layer and the

silicon surface) was further confirmed by contact angle measurements. Zhao and

colleagues demonstrated that radical-induced addition–fragmentation processes

between Z-supported silica and RAFT-generated polymers could be efficiently

utilized for surface modification of fumed silica, and that Z-supported solid CTAs

could be reused in the presence of excess sacrificial thermal initiator [51]. Nguyen

and Vana performed RAFT polymerizations of styrene and MMA in bulk, mediated

by fumed silica-supported CDB, in which increasing molecular weight with mono-

mer conversion and absence of conventional polymerization activity in the inter-

stitial solution phase were observed [52]. More recently, Vana and coworkers found

that the immobilization of CTAs on silica for SI-RAFT via the Z-group approach

was strongly dependent on the functionality of the RAFT-agent anchor group.

Monoalkoxy-, dialkoxy-, and trialkoxy silyl ether groups were incorporated into

trithiocarbonates and bound to planar silica surfaces and silica nanoparticles. It was

found that the immobilization efficiency and the structure of the bound RAFT-agent

film varied strongly according to the solvent used and the anchor group function-

ality [53]. SI-RAFT based on silica nanoparticles revealed that grafted oligomers

were not formed within the crosslinked structures that originated from the immobili-

zation. Furthermore, RAFT-agent films with less aggregation during the immobili-

zation were more efficient during SI-RAFT in terms of polymer grafting density.

Using R-supported RAFT graft polymerization, a wide range of polymers have

been grafted onto the surface of silica particles. Because this method is similar to

the grafting-from approach, it allows synthesis of silica–polymer hybrids with

grafting densities higher than those obtained by the Z-supported graft reaction.

Benicewicz and coworkers reported the synthesis of well-defined silica

nanoparticles grafted with PS, PBA, PS-b-PBA [11], PMMA [12], and

dye-labeled poly(methacrylic acid) (PMAA) [54]. Dye-labeled PMAA-grafted

nanoparticles with grafting density of up to 0.65 chains/nm2 provided a platform

to bind biomolecules and to track the movement of the nanoparticles in biological

systems. On the basis of homopolymerization of styrene and alternating copoly-

merization of styrene and maleic anhydride (MAh), Liu and Pan prepared PS [55], P

(S-alt-MAh), and P[S-alt-(MAh-g-PEO)] [56]. Liu et al. developed a universal

route for preparation of silica-supported organic–inorganic hybrid noble metal

nanomaterials, in which polymer-encapsulated gold or silver nanoparticles were

synthesized and sterically stabilized by a shell layer of poly(4-vinylpyridine)

(P4VP) grafted onto silica nanoparticles [57]. Using 6-(triethoxysilyl)

2-([(methylthio)carbonothioyl]thio)-2-phenylacetate, Ohno et al. synthesized

monodisperse silica particles grafted with PS, PMMA, PNIPAM, and PBA

[13]. As a result of the exceptionally high uniformity and perfect dispersibility,

these hybrid particles could form interesting two- and three-dimensionally ordered

arrays at the air–water interface and in suspension, respectively. Perrier and

coworkers used the same approach to synthesize well-defined poly(4-vinylbenzyl
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chloride)-grafted nanoparticles [58]. Using a grafting-from strategy, Choi

et al. prepared reactive polymer brushes via surface RAFT polymerization of

pentafluorophenyl acrylate, in which the reactive ester moieties were reacted with

amino-spiropyrans to form reversible light-responsive polymer brush films. This

was followed by a lithography technique to obtain a patterned surface of polymer

brushes [59]. Conversion of the patterned polymer brushes with 5-[(2-aminoethyl)

amino]naphthalene-1-sulfonic acid resulted in patterned fluorescent polymer brush

films. More recently, Maleki et al. used SI-RAFT to synthesize mechanically

reinforced silica aerogels with PS and PBA grafts. The aerogels exhibited a low

density of 0.13–0.17 g/cm3, high thermal insulation performance of 0.03–0.04 W/

(m ·K), and a high specific surface area of 350–780 m2/g, with approximately one

order of magnitude improvement in the compression strength compared with the

nonreinforced aerogels [60]. It should be mentioned that hollow micro- and

nanoobjects can be readily obtained if surface-grafted polymers are subjected to

crosslinking and subsequent etching to remove the silica substrates. These objects

have promising potential in materials science. For example, robust and narrowly

distributed polymeric nanocapsules with size of 450 nm and a wall thickness of

10 nm were prepared by Huang et al. by combination of RAFT graft polymeriza-

tion, photocrosslinking, and etching [61].

The combination ofRAFTpolymerization and highly efficient linking reaction can

further extend the types of silica–polymer hybrids (Scheme 3). For instance, the

coupling reaction between alkoxysilane and surface-bound hydroxyl moieties can

lead not only to functional groups tethered to silica, but also to silica–polymer hybrids

when alkoxysilane-functionalized polymers are used for the surface modification.

Zhao and coworkers developed a combinatorial approach based on RAFT polymer-

ization and alkoxylsilane–hydroxyl coupling to prepare silica particles grafted with

well-defined homopolymers and di-, tri-, and tetrablock copolymers [62]. With

S-methoxycarbonylphenylmethyl S-trimethoxysilylpropyltrithiocarbonate as RAFT

agent, RAFT and chain-extension polymerization of vinyl monomers such as MA,

SS-g-PM (Z-group)

F1

SS-F1 + F2-CTA + M S
Z

S

S

S

R

S
Z

S

F2

F2
S

S

R
F2-CTA + M

(D1)

(a)

(b)
(C1)

(C2)

(D2)

SS-F1

SS-F1

SS-g-PM (R-group)

SS-F1

a, b: simultaneous RAFT process and coupling reaction

C1, D1: RAFT polymerization

C2, D2: Coupling reaction

Scheme 3 Tandem (a, b) and successive (C, D) syntheses of polymer-grafted solid substrates, in

which F1–F2 functionalities can, in theory, be any couplable moieties such as OH–(RO)3Si,

epoxy–COOH, azide–alkyne, and SH–en/exoxy or their precursors
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BA, DMA, NIPAM, N-acrylomorpholine (NAM), MMA, and styrene were used to

generate functional polymers, followed by a coupling reaction to synthesize the target

hybrids. The grafted polymeric chains were cleaved from the surface of silica by

aminolysis. Gel permeation chromatography revealed that all the grafted polymers

possessed low polydispersity (typically less than 1.2) andmolecularweights similar to

those of the “as-prepared” polymers. Furthermore, the solid-supported polymeric

chains were almost 100% living, as evident from the highly efficient chain-extension

polymerization used to prepare well-defined block copolymers grafted onto silica

particles. More recently, Zhao and colleagues synthesized silica nanoparticles

grafted with some quaternized linear, comblike, and toothbrushlike copolymers via

two-step individual reactions comprising a alkoxysilane–hydroxyl coupling reaction,

quaternization, and RAFT polymerization (Scheme 4). This provides a versatile

method for constructing quaternized brushes grafted onto hydroxyl-rich solid sub-

strates [63]. Silica nanoparticles grafted with poly(N,N-dimethylaminoethyl methac-

rylate) (PDMAEMA) were initially prepared via tandem linking reaction and RAFT

polymerization, and could act as a versatile platform for generation of three types of

ion-bearing topological copolymer-grafted silica. On this basis, bromide-

functionalized agents and polymers were grafted onto a surface-tethered PDMAEMA

backbone to form quaternized random and comblike copolymer-grafted silica. Con-

current quaternization and RAFT polymerization were performed to generate silica

nanoparticles grafted with toothbrushlike copolymers comprising PMMA, PS,

SiO2

SiO2-g-PDMAEMA SiO2-g-(PDMAEMA-g-RBr) (a)

SiO2-g-(PDMAEMA-g-PM) (b) SiO2-g-[(PDMAEMA-g-PM)-b-PM] (c)

S

S

N
R
Br

N
PM
Br

O
O N

Scheme 4 Versatile synthesis of silica nanoparticles grafted with quaternized random (a),
comblike (b), and toothbrushlike (c) copolymers via two-step reactions. Adapted from Guo

et al. [63]
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PNIPAM, and poly(tert-butyl acrylate) (PtBA) segments. Free polymers and grafted

side chains obtained by the tandem approach usually had similar chain length and low

polydispersity, and the quaternization efficiency of graft reactions was in the range

34–79% (for attaching small molecules) and 3.8–7.4% (for grafting polymeric

chains). Preliminary results revealed that the surface wettability of hybrid films was

dependent on factors such as macromolecular architecture, quaternization degree,

chemical composition, and temperature.

An alternative approach is the use of click reactions, such as CuAAC [64–66]

and thiol-based reactions [67–71], to generate silica–polymer hybrids. In their

pioneering research, Ranjan and Brittain developed tandem and stepwise RAFT

polymerization and click chemistry to prepare PS, PAM, and PS-b-PMA brushes

grafted to silica nanoparticles; a wide range of grafting densities was possible [21–

23]. Using the RAFT process and CuAAC, silica particles grafted with PNIPAM

were prepared by Chen et al. [72]. Li and Benicewicz synthesized silica

nanoparticles grafted with poly(6-azidohexyl methacrylate) and introduced various

functionalities by subsequent postfunctionalization using functional alkynes via

click reactions [73]. In a more recent study, Zhao and colleagues extended this

method, using click chemistry to achieve highly pure block copolymers with

polymeric segments such as PS, polyacrylamides, and polyacrylates [20, 74]. Tan-

dem RAFT polymerization and CuAAC were used to prepare silica particles

grafted with well-defined living block copolymers with molecular weights of up

to 26,300 g/mol. Subsequent de-grafting /postmodification generated highly pure

block copolymers with terminal functionalities such as thiol, methyldithio, car-

boxyl, hydroxyl, and halogen and also recovered surface-clickable silica particles

(Scheme 5). The cycles of grafting and de-grafting reactions could be applied many

times until all surface-bound clickable functionalities vanished. Kotsuchibashi

N3

N3N3

N3

N3 N3

N3
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M, AIBN, Cu(PPh 3)3Br
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=

Scheme 5 Synthesis of highly pure block copolymers by combination of RAFT polymerization,

azide–alkyne click reaction, and de-grafting, in which cleavage of grafted chains from a silica

surface can be achieved by either aminolysis or radical-induced addition–fragmentation reactions

(RIAFR). Adapted from Zhao et al. [20]
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et al. reported preparation of temperature- and pH-responsive silica nanoparticles

via simple thiol–ene click chemistry [75]. RAFT-generated PDEAEMA and

PNIPAM were reduced to generate a thiol group at the chain end to react with

vinyl groups on the surface of silica nanoparticles. The hybrids showed both pH-

and temperature-responsive behavior and the solution properties were dependent on

the ratio of the two polymers on the surface. Chen et al. reported grafting of poly

(lauryl acrylate) onto nanosilica via a thiol–ene reaction, in which the trithioester

terminal group of the RAFT polymer was converted to thiol and grafted onto

nanosilica modified with 3-(methacryloxy)propyl-trimethoxysilane. The hybrid

material has potential application in coatings or composites [76]. Peng

et al. reported a facile method for combining the sol–gel reaction, RAFT process,

and thiol–ene click reaction to prepare monodisperse silica–poly(N-
vinylimidazole) core–shell microspheres of 200 nm average diameter [77]. Han

et al. reported preparation of surfaces that were dual-switchable between hydro-

phobic and superhydrophobic by combination of RAFT and thiol–NCO chemistry,

in which poly(7-[6-(acryloyloxy)hexyloxy]coumarin)-b-PNIPAM was grafted onto

the surface of SiO2 modified by toluene diisocyanate [78]. The static contact angle

of the surface of hybrid film switched from 98� to 137� by adjusting the tempera-

ture, the contact angle also oscillated between 137� and 157� upon UV irradiation at

365 and 254 nm, respectively, revealing dual-switchable surface wettability.

3.2 Polymer-Grafted Metal Oxide

As a result of the strong tendency of nanoparticles such as metal oxides to

agglomerate, homogeneous dispersion of these materials in a polymeric matrix is

extremely important. Surfaces modified via the RAFT process have been efficiently

used to prepare functional hybrids or composites, in order to avoid aggregation of

nanoparticles and to enhance the filler–polymer interaction. This approach has been

applied to a range of metal oxides, and examples are detailed below.

TiO2 Hojjati et al. reported synthesis of TiO2–PAA nanocomposites by RAFT poly-

merization using a bifunctional RAFT agent, 2-(butylsulfanylcarbonothioylsulfanyl)

propanoic acid, with an available carboxyl group to anchor onto TiO2

nanoparticles. Subsequent RAFT polymerization of acrylic acid (AA) formed

the desired nanocomposites [79]. Ngo et al. synthesized hybrid TiO2

nanoparticles with well-defined PMMA and poly(tert-butyldimethylsilyl methac-

rylate), in which the surface of titania nanoparticles was first modified by a

coupling agent, 3-(trimethoxysilyl)propyl methacrylate (MPS), to form

polymerizable particles. Then, the immobilized vinyl bond on the surface was

subjected to radical polymerization in the presence of RAFT agent 2-cyanoprop-

2-yl dithiobenzoate to form nanocomposites [80]. Hojjati and Charpentier

reported synthesis of TiO2–PMMA nanocomposites in supercritical CO2 via

RAFT polymerization, in which 4-cyano-4-(dodecylsulfanylthiocarbonyl-

sulfanyl)pentanoic acid was first coordinated to the TiO2 surface. A subsequent
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RAFT process formed the target nanocomposites [81]. Crippa et al. reported

preparation of high dielectric constant rutile–PS composite with an enhanced

percolative threshold, in which hydrothermally synthesized TiO2 nanocrystals

were coated with PS grown by RAFT polymerization and then dispersed into a

PS matrix at various concentrations [82]. It was found that the polymer mole-

cules attached to the surfaces of nanoparticles existed in a brush regime, and

that the rutile nanoparticles self-assembled into chestnut-burr aggregates whose

number increased with increasing filler amount. With increasing filler concen-

tration, the composites displayed a higher dielectric constant as a result of the

self-assembly of rutile nanoparticles into chestnut-burr aggregates, where rutile

crystals could share lateral faces and form capacitive microstructures.

Quantum Dots The polymeric functionalization of quantum dots (QDs) via ligand

exchange is a robust method for the preparation of stable fluorescent particles with

high quantum yields. For most biological applications of QDs, water solubility is a

key requirement. To achieve biocompatibility, polymeric ligand systems that can

provide water solubility as well as effective anchoring groups are advantageous.

Viswanath et al. prepared multiply binding histamine ligands for the robust

functionalization of QDs, in which histamine functional polymers bearing poly

(ethylene glycol) (PEG) side chains were coated onto the surface of oleate-capped

CdSe/CdxZn1�xS QDs via ligand exchange [83]. Esteves et al. reported synthesis of

QD–polymer nanocomposites by RAFT polymerization in miniemulsion using a

grafting-from approach, in which the surfaces of CdS and CdSe QDs were modified

by PS and PS-b-PBA grafts [84]. Liu et al. presented some polymeric ligands for

QD water solubilization to yield biocompatible and derivatizable QDs with com-

pact size, high quantum yields (>50%), excellent stability across a large pH range

(pH 5–10.5), and low nonspecific binding [85]. Das and Claverie developed a

simple route for the preparation of PbS QDs embedded into polymeric nanospheres

by emulsion polymerization, in which QDs were first dispersed in an aqueous

solution containing a statistical oligomer with butyl acrylate and acrylic acid

units, and then an emulsion polymerization process was performed to obtain

core–shell nanoparticles [86]. Dilag et al. reported controlled fabrication of

CdS/PDMA, CdS/poly(DMA-co-MMA), and CdS/poly(DMA-co-styrene) fluores-
cent QD nanocomposites for use as latent fingermark developing agents on

nonporous surfaces [87]. The intrinsic optical properties of CdS QDs were retained

throughout the synthetic pathways, which allowed for the successful one-step

application and fluorescent visualization of latent fingermarks (fresh and aged) on

aluminum foil and glass substrates under UV illumination.

Magnetic Nanoparticles Boyer et al. prepared antifouling magnetic nanoparticles

(MNPs) for siRNA delivery by coating iron oxide nanoparticles (diameter of 8 nm)

with poly[oligo(ethylene glycol) methyl ether acrylate] and poly(dimethyl-

aminoethyl acrylate) (PDMAEA) [88]. Li et al. reported shape-controlled synthesis

of glycopolymer-coated iron oxide nanoparticles, in which RAFT-synthesized

glycopolymers were conjugated to spindle and cube-like iron oxide nanoparticles

coated with dopamine methacrylamide. The resultant glyco-nanoparticles with
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variable shapes had shape-dependent cell uptake behavior and enhanced activity

towards specific lectins [89]. Sahoo et al. prepared thermo- and pH-responsive

polymer-tethered multifunctional MNPs for targeted delivery of anticancer drugs

[90]. MNPs were first surface-modified by introducing amine groups using

3-aminopropyl-triethoxysilane; then, RAFT-synthesized dual-responsive

PNIPAM-b-PAA was attached to the amine-functionalized MNPs via the

EDC/NHS method. Folic acid was tethered to the surface to accomplish cancer-

specific targeting properties, and rhodamine B isothiocyanate was conjugated to

endow the MNPs with fluorescence for cellular imaging applications. These

nanoparticles were capable of target-specific release of loaded anticancer drug

doxorubicin in response to pH and temperature and, hence, could serve as potential

drug carriers for in vivo applications. More recently, Wang et al. reported a new

combination of recyclable MNPs, polymers, and antibiotics that showed increased

effectiveness in combating bacterial infections [91]. The strategy of direct

co-precipitation of iron salts was used to generate superparamagnetic nanoparticles

with a saturation magnetization of 59.5 emu/g. A silica coating was applied and

used to stabilize the MNPs and create a convenient platform for further functional-

ization, followed by SI-RAFT to graft a variety of PMAA brushes of different

lengths and at different densities. The polymer-grafted MNPs were removed from

aqueous solution after antimicrobial testing using a magnet to avoid nano-based

pollution of the environment. The bioactivity of an antibiotic (penicillin-G) against

bacteria (Staphylococcus aureus and Escherichia coli) was significantly enhanced

when physically bound to the PMAA-grafted MNPs. The inhibition activity of the

penicillin–nanoparticle complex was retained using recycled MNPs that had been

reloaded with penicillin-G.

3.3 Polymer-Grafted Gold Nanoparticles

The grafting of polymers onto AuNPs has attracted much attention because of the

multiple applications of the resulting materials, in applications ranging from mate-

rials to medicine and biology. Sumerlin et al. reported modification of gold surfaces

with water-soluble (co)polymers prepared via aqueous RAFT polymerization,

which enabled the immobilization of poly(sodium 4-styrenesulfonate), poly

[(4-vinylbenzyl) trimethylammonium chloride], PDMA, and poly(3-[2-(N-
methylacrylamido)ethyldimethyl ammonio]propane sulfonate-b-N,N-dimethyl-

acrylamide) onto gold films [92]. Rossner and Vana reported ordered planet–

satellite nanostructures using RAFT star polymers. Preparation was based on star

polymers decorated with surface-tethered trithiocarbonate groups and thus pro-

vided the polymer with the ability to connect larger AuNP planets to smaller

AuNP satellites [93]. This strategy offers a straightforward way to prepare AuNP

scaffolds with multiple reactive functionalities at defined distances from the central

core. Glycopolymer-coated AuNPs can be used as anticancer agents [94–96] and

for biomolecular recognition [97]. Kirkland-York et al. reported tailored design of
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AuNP-siRNA carriers utilizing RAFT polymers [98]. Duong et al. extended the

application of functional AuNPs to storage and controlled release of nitric oxide

using poly[oligo(ethylene glycol) methyl ether methacrylate]-b-poly(vinyl benzyl
chloride) as precursor [99]. Thus far, a series of functional polymers have been

coated on the surface of AuNPs or acted as scaffolds to stabilize AuNPs, and these

polymers primarily comprise glycopolymers [100–102], PEG-bearing poly(meth)

acrylates [103–105], PS [106], poly(4-vinylpyridine) (P4VP) [107], PNIPAM

[108–110], poly(N-vinyl caprolactam) [111, 112], poly[(3-acrylamidopropyl)

trimethyl ammonium chloride [113], poly(pentafluorophenyl methacrylate) [114],

PDMAEMA [115, 116], and branched poly[(S-4-vinylbenzyl S0-propyl-
trithiocarbonate)-co-PEGMA] [117].

3.4 Polymer-Grafted Cellulose

Cellulose is a highly interesting material as a result of its materials properties,

abundance, renewability and low cost. The heterogeneous grafting of cellulose

fibers through controlled radical polymerization methods allows preparation of

fibers with tailorable properties and built-in functionalities that can act as promising

materials for advanced applications [118–121].

Carlsson revealed that modification of cellulose surfaces by cationic polymer

latexes could be accomplished by RAFT-mediated surfactant-free emulsion poly-

merization [122]. Using radiation-induced RAFT polymerization, PS [123] and

PGMA [124] were grafted onto cellulose substrates. Poly(isobornyl acrylate) was

grafted onto a solid cellulose substrate by combination of RAFT polymerization

and hetero Diels–Alder cycloaddition [125]. Demirci et al. performed surface

modification of electrospun cellulose acetate nanofibers via RAFT polymerization

and found that surface-tethered poly[(4-vinylbenzyl)trimethylammonium chloride]

(PVBTAC) brushes were suitable membrane materials for filtration, purification,

and/or separation of DNA [126]. Perrier and coworkers synthesized PDMAEMA-

grafted cellulose and showed that its antibacterial activity was dependent on the

alkyl chain length and on the degree of quaternization of graft polymers [127–

129]. The PDMAEMA-grafted cellulose fiber with the highest degree of

quaternization and quaternized with the shortest alkyl chains was found to exhibit

particularly high activity against E. coli. A tailor-made conjunct of methyl cellulose

and poly(vinyl acetate) (PVAc) was synthesized through the combination of RAFT

polymerization and a thiol–ene click reaction [130]. Yuan et al. prepared zwitter-

ionic polysulfobetaine brushes grafted to cellulose membranes (CMs) to improve

hemocompatibility and antibiofouling properties [131]. The composites had excel-

lent hemocompatibility, featuring lower platelet adhesion and protein adsorption

properties without causing hemolysis. E. coli and HeLa cell adhesion tests showed

that grafted CMs had superior antibacterial adhesion properties and long-term cell

adhesion resistance for up to 4 days, revealing their great potential for use in

biomedical applications. In addition, other homopolymers and block copolymers
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such as PS [132], poly(sodium 4-styrenesulfonate) [133], PMA [134], poly(2,2,2-

trifluoroethyl methacrylate) [135], poly(N-acryloyl-L-amino acid) [136], poly

(hydroxyethyl methacrylate) (PHEMA) [137], PAM [138], poly(N,N-diethyl-
acrylamide) [139], PNIPAM, PAA, and their copolymers [140] were also co-

valently grafted onto the surface of cellulose.

3.5 Polymer-Grafted Graphene and Graphene Oxide

Graphene nanosheets possess a range of extraordinary physical and electrical

properties and have enormous potential for applications in microelectronics, photo-

nic devices, and nanocomposite materials [141–145]. However, single graphene

platelets tend to undergo agglomeration as a result of strong π–π and van der Waals

interactions, which significantly compromises the final material properties. One of

the strategies to overcome this problem and increase graphene compatibility with a

receiving polymer host matrix is to modify graphene or graphene oxide (GO) with

polymer brushes. Research to date can be grouped into approaches involving

grafting-from and grafting-to techniques, and into approaches relying on covalent

or noncovalent attachment of polymer chains to the suitably modified graphene or

GO [146–148].

Li et al. reported a GO-based molecularly imprinted polymer (MIP) platform for

detecting endocrine-disrupting chemicals. The GO–MIP hybrids showed outstand-

ing affinity towards 2,4-dichlorophenol in aqueous solution [149]. Layek

et al. synthesized amphiphilic poly(N-vinyl pyrrolidone)-grafted graphene by

RAFT polymerization for the reinforcement of PVAc films [150]. Ye

et al. developed versatile grafting approaches for functionalizing individually

dispersed graphene nanosheets using RAFT polymerization and CuAAC [151]. Var-

ious types of polymer chains have been covalently tethered to graphene nanosheets

using these two approaches, producing various molecular brushes with multi-

functional arms, resulting in water-soluble, oil-soluble, acidic, basic, polar, apolar,

and variously functionalized polymers. Peeters et al. reported thermal detection of

histamine with a GO-based MIP platform prepared by RAFT polymerization [152],

in which MIP–GO hybrids were able to measure histamine in buffer solutions by

thermal detection. Using methacrylic acid as a hydrophilic monomer, Liu

et al. synthesized hydrophilic surface ion-imprinted polymers based on GO for

removal of strontium from aqueous solution [153]. Thus far, a wide range of

polymers such as PS [154–156], PDMAEA, PAA [157, 158], PMMA, PtBA and

PNIPAM [159], poly[N-(2-hydroxypropyl) methacrylamide] [160], poly(N-
vinylcarbazole) [161, 162] and their copolymers have been efficiently grafted

onto the surface of GO and reduced GO.

In addition to SI-RAFT and click chemistry, other linking reactions such as

alkoxysilane–hydroxyl coupling reactions and carboxyl–epoxy ring-opening reac-

tions can also be efficiently used to generate well-defined polymer-grafted graphene

and GO. Zhao and coworkers reported synthesis of V-shaped copolymers grafted to
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GO via a combinatorial approach [163]. Starting from a monomethoxy poly(ethyl-

ene glycol) (MPEG)-based macro chain transfer agent, three kinds of triblock

copolymers with epoxy, carboxyl, or methoxysilane functionalities in the central

short block were synthesized via RAFT processes. Subsequent carboxyl–epoxy and

hydroxyl–methoxysilane coupling reactions were used to synthesize the target

V-shaped copolymer–GO nanocomposites (Scheme 6). Owing to satisfactory con-

trol over molecular weight and polydispersity of the RAFT process, the resulting

triblock copolymer MPEG-b-PM1
0-b-PM2 possessed predetermined molecular

weight, low polydispersity (1.04–1.19) and precise chemical structure; PM1
0 repre-

sents poly[3-(trimethoxysilyl)propyl methacrylate] (PMPS), PGMA, or PAA

obtained by hydrolysis of PtBA; PM2 represents PPEGMA (Mn¼ 300), PS,

PNIPAM, PDMA, or PMA. By assuming that GO nanosheets have the same

specific surface area as graphene (about 2,630 m2/g), the grafting density of

V-shaped grafted copolymer on each side of GO was estimated to be within

0.025–0.162 chains/nm2. With the aid of ultrasonic treatment, V-shaped copoly-

mer-grafted GO could be efficiently dispersed in a wide range of solvents involving

hexane and toluene. The film wettability and surface morphology of GO–copoly-

mer nanocomposites obtained were tunable by control over factors such as temper-

ature, solvent, and amphiphilicity of grafted chains, allowing potential applications

in biomaterials, nanoscience, and nanotechnology. Meanwhile, Zhao and col-

leagues also synthesized homopolymer- and diblock copolymer-grafted GO by

simultaneous coupling reaction and RAFT process, in which a series of polymers

were covalently grafted onto GO surfaces via either grafting-to or grafting-from

approaches using Z-functionalized S-methoxycarbonylphenylmethyl S0-3-
(trimethoxysilyl)propyltrithiocarbonate (MPTT) and R-functionalized S-4-
(trimethoxysilyl)benzyl S0-propyltrithiocarbonate (TBPT) as functional RAFT

Scheme 6 Versatile syntheses of V-shaped copolymer-grafted GO. Spherical symbols denote

monomer units with epoxy, carboxyl, or methoxysilane functionalities. Adapted from Zhang

et al. [163]
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agents [164]. The improved solubility and dispersibility of GO–polymer compo-

sites in various solvents, including hexane and water, confirmed their amphi-

philicity. Surface morphologies involving nanosheets, nanoparticles, and nanorods

were observed as the composites were dispersed in different solvents with the aid of

sonication treatment, demonstrating that the grafting process can offer the oppor-

tunity to alter GO morphology.

4 Applications of Polymer-Grafted Solid Substrates

4.1 Additives to Improve Physicochemical Properties

Although silica–polymer composites can be prepared by mixing organic and

inorganic components, it is difficult to obtain a homogeneous mixture [165]. To

improve the compatibility between silica and polymer matrix, a popular method is

to modify the silica surface using coupling agents, which not only improve the

compatibility between organic and inorganic phases but also enhance the inter-

action between the components at the interface level. An alternative approach uses

high energy plasma lasers, whereby the energetic ions from the plasma laser break

the Si–C and Si–O bonds in the silane surface groups and create active sites that can

react with the surrounding polymer matrix [166]. Incorporation of silica nano-

particles in the polymeric matrices gives hybrid polymer films with increased

tensile strength and impact resistance, without decreasing the flexural properties

of the polymer matrix. In addition to combining the flexibility and easy processing

of polymers with the hardness of nanoparticles, functional hybrids can also incorpo-

rate other features by using the versatility of the solid substrate to carry catalysts,

dyes, and drugs. Thus, they have a wide range of applications in hydrophobic,

anticorrosion, conductive, antireflective, and photoactive materials. The utilization

of polymer-coated silica nanoparticles can reduce particle aggregation in the films

and achieve more homogeneous distribution of the inorganic components, resulting

in better physicochemical properties.

Guo et al. synthesized a series of block-type amphiphilic copolymers via copoly-

merization of methacrylate end-capped oligo-urethane and MPS via the sol–gel

process [167]. After hydrolysis and condensation of the copolymer precursors (self-

assembled in the form of spherical micelles), polyurethane–silica hybrid materials

with excellent thermal stability and mechanical properties were obtained. Etmimi

et al. synthesized PS–GO nanocomposites via surface RAFT-mediated mini-

emulsion polymerization [155]. The molar mass and dispersity of PS in the nano-

composites were dependent on the amount of RAFT-grafted GO in the system. The

PS–GO nanocomposites were of exfoliated morphology, and their thermal stability

and mechanical properties were dependent on the modified GO content and better

than those of neat PS polymer. Salami-Kalajahi et al. studied the effect of pristine

nanoparticle loading on the properties of PMMA–silica nanocomposites prepared
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via RAFT polymerization and found that the introduction of modified nanoparticles

could result in better thermal and mechanical properties than those of pristine

nanoparticles [168]. Surface modification and an increasing content of silica

nanoparticles resulted in changes in the thermal degradation behavior of the

nanocomposites. The best improvement in mechanical and thermophysical proper-

ties was achieved for nanocomposites containing 7 wt% silica nanoparticles. More

recently, mechanically reinforced polymer–silica aerogels with PS and PBA seg-

ments were prepared by SI-RAFT, whereby well-defined polymers were grown on

the silica surface to improve the mechanical strength compared with that of native

aerogels [60]. The aerogel composites exhibited a low density of 0.13–0.17 g/cm3,

high thermal insulation performance of 0.03–0.04 W/(m ·K), and a high specific

surface area of 350–780 m2/g, with approximately one order of magnitude improve-

ment in the compression strength compared with the nonreinforced aerogels.

4.2 Bioactive Surfaces and Biomaterials

Polymer-grafted solid substrates with biocompatible or antibacterial polymers

bound onto the surface can act as promising bioactive materials. Zhu et al. reported

the preparation and properties of polyethersulfone (PES) ultrafiltration membranes

with PHEMA-grafted silica nanoparticles as the blending additive [169]. Organic–

inorganic hybrid membranes of PES with hybrid nanoparticles were fabricated via

the traditional nonsolvent-induced phase separation (NIPS) process. The membrane

surface porosity was increased and the surface hydrophilicity was enhanced after

modification. Furthermore, the water permeability, solute rejection, and antifouling

ability of PES membranes were also improved significantly. In contrast to tradi-

tional neat inorganic nanoparticle additives, the organic–inorganic hybrids could be

held in/on PES membranes for a long period of time as a result of the intertwisting

of polymer chains. Zhu et al. developed antifouling and antibacterial PES mem-

branes by the addition of PDMAEMA-grafted silica nanoparticles and further

postquaternization [170]. PES/SiO2-g-PDMAEMA hybrid ultrafiltration mem-

branes were prepared from the blending solutions via the NIPS process. The

PDMAEMA chains incorporated into the PES membranes were further quaternized

by reacting with 1,3-propane sultone and methyl iodide, respectively. The zwitter-

ionic PES membranes exhibited excellent hydrophilicity, water permeability, solute

rejection, and protein antifouling properties. The cationic membranes obtained

from CH3I treatment showed strong antibacterial activity against E. coli and

S. aureus Rosenbach. Zhi et al. reported preparation of polyacrylonitrile (PAN)-

based composite membranes by immersion precipitation using PDMAEMA-

grafted silica nanoparticles as hydrophilic additive [171]. The synthesized

nanoparticles had a typical core–shell structure, and the prepared PAN-based

composite membranes had higher porosity and water permeation flux than the

pure PAN membranes. As a result of the good hydrophilicity of the hybrid
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nanoparticles, the membranes also showed high rejection (�90%) of bovine serum

albumin and high flux recovery ratio (�90%) to water permeation.

Functional hybrid samples with tunable pores and stimuli-responsive grafts are

promising as carriers for drug and gene delivery. A wide range of functional

polymers such as PDMAEMA [172–174], PNIPAM [175], PAA [176], poly

[2-(diethylamino)ethyl methacrylate]-b-poly[oligo(ethylene glycol) methacrylate]

[177], and PAA-b-poly[poly(ethylene glycol) acrylate] [178] have been success-

fully grafted onto solid substrates for drug and gene delivery applications.

The introduction of functional dyes and fluorescent molecules also allows hybrid

materials to be used for therapeutic and diagnostic imaging applications[179–182].

4.3 Stationary Phases for Chromatographic Applications

Polymer-grafted silica has been widely utilized as a stationary phase in high

performance liquid chromatography and shows satisfactory separation efficiency.

These materials exhibit unique advantages such as high stability in extreme pH

environments and sufficient retention for a variety of chemicals. As a result of

heterogeneous structures and high mass-transfer resistance, polymer-grafted sta-

tionary phases normally exhibit lower column efficiency than traditional octadecyl-

bonded silica. Controlled radical polymerization offers an efficient route to address

this limitation as a result of its ability to provide more homogeneous structures and

evenly distributed thin polymeric layers [183, 184]. PNIPAM-grafted silica can

provide a thermoresponsive stationary phase in chromatography, and thus the

separation can be adjusted by changing the temperature instead of changing the

composition of the mobile phase [185, 186]. In addition to preparing a PS-bound

chromatographic stationary phase [187, 188], Ali et al. also immobilized styrene-

acrylamide copolymer on porous partially sub-2 μm silica monolith particles and

the inner surface of fused silica capillary tubes (50 μm internal diameter and 28 cm

length) to result in stationary phases for micro liquid chromatography (μLC) and
capillary electrochromatography (CEC), respectively, for the separation of

anomeric D-glucose derivatives [189]. RAFT polymerization was used to induce

surface polymerization, and acrylamide was employed to incorporate amide func-

tionality in the stationary phase. The resultant stationary phases were able to

separate isomers of D-glucose derivatives with high selectivity and efficiency.

The CEC stationary phase also gave good separation of other saccharides such as

maltotriose and Dextran 1500 (molecular weight of about 1,500) with good sepa-

ration efficiency (number of theoretical plates was about 300,000/m). Zhang and

coworkers developed a tandem RAFT/click chemistry method for preparation of

amide-polystyrene-silica (NHCO-PS-silica) stationary phase [190]. Styrene was

immobilized on the amino-silica surface via an azide-functionalized RAFT agent

in a one-pot procedure. The resultant NHCO-PS-silica column demonstrated better

performance for shielding of residue silanols than traditional octadecylsilyl
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columns, which was ascertained by Engelhardt, Tanaka, Galushko, and Walters

tests. The NHCO-PS-silica was suitable for the separation of basic compounds, and

this column also showed excellent stability with pure water as mobile phase.

4.4 Preparation of Hollow Capsules

Some methods such as layer-by-layer self-assembly [191], distillation precipitation

polymerization [192–199], and surface-initiated polymerization [61, 200–202]

have been developed for preparation of functional core–shell hybrids and compo-

sites. Using polymer-grafted solid substrates as precursors, functional hollow

objects with multipurpose applications can be obtained by chemical postmodifi-

cation such as etching and dissolving to remove the cores. Huang et al. reported

controlled synthesis of photocrosslinked polymeric nanocapsules by SI-RAFT

[61]. Narrowly distributed hollow polymeric nanocapsules (PtBMA-co-
PDMIPM-b-PHPMA) of 450 or 900 nm diameter were prepared by exploiting

silica nanoparticles as sacrificial templates and 2,3-dimethylmaleic imidopropyl

methacrylate (DMIPM) as a photocrosslinker. A wall thickness of 10 nm could be

achieved by using grafted block copolymer with molecular weight of 19,500 g/mol.

Rahman and Elaissari developed a versatile method employing emulsion polymer-

ization and precipitation polymerization to prepare rigid submicron-sized hollow

capsules with a temperature-responsive shell [201]. After dissolving the inner

magnetic core, PDVB@P(NIPAM-co-AEMA) hollow microcapsules with sub-

micron size, narrow size distribution, cationic surface charge, and volume phase

transition above the lower critical solution temperature (LCST) of the shell were

obtained. The volume phase transition behavior of the outer shell layer can be

utilized as an on/off switch to control the permeability of biomolecules or drugs

into/out of the hollow capsules. Panahian reported the synthesis of dual thermo- and

pH-sensitive hollow nanospheres based on poly(AA-b-HEMA) using an atom

transfer reversible addition–fragmentation radical process [202]. A surface-

attached ATRP initiator was converted to a RAFT agent, and acrylic acid and

HEMA were polymerized via grafting-from RAFT polymerization. The PAA block

was partially crosslinked via an esterification reaction, and hollow nanospheres

were obtained by etching the silica cores with aqueous hydrofuran solution. These

hollow nanospheres exhibited dual pH-sensitive and thermosensitive properties.

One LCST of the particles was noted at low contents, whereas two LCSTs were

observed at higher contents.

4.5 Molecularly Imprinted Polymer Films

Molecularly imprinted polymer (MIP) films are tailor-made synthetic polymers

with a predetermined selectivity for a given analyte or group of structurally related
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compounds, and they are usually obtained by polymerization in the presence of

molecular templates [203]. MIPs contain binding sites for target molecules, with

affinities and specificities on a par with those of natural receptors involving

antibodies, hormone receptors, and enzymes. Thus, they can act as ideal materials

for applications in areas such as CEC [204], detection of low molecular mass

analytes [205], inducing protein crystallization [206], ion recognition [207], electro-

analysis [208], solid-phase micro-extraction [209], and chemical sensors [210–

213]. Recent advances in MIPs films prepared via RAFT-based techniques are

listed below.

Titirici and Sellergren reported MIP thin films in which mesoporous silica beads

modified with an azo initiator were used for grafting of crosslinked MIPs via a

RAFT process [214]. Graft copolymerization of methacrylic acid and ethylene

glycol dimethacrylate (EGDMA) mediated by 2-phenylprop-2-yl-dithiobenzoate

in the presence of L-phenylalanine anilide as the template led to imprinted thin film

composite beads. The resulting materials proved to be highly selective chiral

stationary phases, resulting in baseline separation of the template racemate and

structurally analogous racemates within a few minutes. These results were compa-

rable with those obtained for materials prepared in the absence of RAFT mediation,

with a notable difference being the absence of detectable solution gelation using

RAFT. Lu et al. presented a general protocol for preparation of surface-imprinted

core–shell nanoparticles via SI-RAFT [215]. The grafting copolymerization of

4-vinylpyridine and EGDMA in the presence of 2,4-dichlorophenoxyacetic acid

as the template led to the formation of the target nanoparticles. Their potential use

as the recognition element in the competitive fluorescent binding assay for

2,4-dichlorophenoxyacetic acid was also demonstrated. Li et al. reported prepara-

tion of MIP-grafted silica gel particles via SI-RAFT. The grafting copolymerization

of methacrylic acid and divinyl benzene in the presence of template theophylline

led to silica gel coated with a thin MIP film of about 1.98 nm thickness (MIP-silica)

[216]. The measured binding kinetics for theophylline to the MIP-silica and for

MIPs prepared by conventional bulk polymerization demonstrated that MIP-silica

had improved mass-transfer properties. In addition, the theophylline-imprinted

MIP-silica was used as the sorbent in solid-phase extraction to determine theoph-

ylline in blood serum, with satisfactory recovery higher than 90%. Nonspecific

adsorption of interfering compounds could be eliminated by simple elution with

acetonitrile, without sacrificing the selective binding of theophylline. Xu

et al. developed an effective method for preparation of uniform surface-imprinted

core–shell nanoparticles for determination of trace atrazine [217]. As a result of the

advantages of controlled/living polymerization and surface-imprinting technology,

the resultant RAFT surface-imprinted nanosized polymers (RAFT-SINPs) were

spherically shaped particles with excellent monodispersity and demonstrated

improved imprinting efficiency and mass transfer in comparison with MIPs pre-

pared by traditional precipitation polymerization. Recoveries of 93.4% and 79.8%

were achieved by one-step extraction when RAFT-SINPs were used for the

pre-concentration and selective separation of atrazine in spiked corn and lettuce

samples, respectively. These results enabled the separation and enrichment of
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atrazine from complicated matrices using RAFT-SINPs. Halhalli et al. developed

an improved grafting technique for production of thin film composite beads,

whereby MIP films were grafted from porous silica using immobilized azoinitiators

in the absence or presence of RAFT-mediated control or by controlled radical

polymerization using immobilized iniferters (compounds that act as initiator, trans-

fer agent, and terminator) [218]. Composites prepared by exhaustive polymer-

ization under dilute conditions using high RAFT/initiator ratios displayed

strongly enhanced chromatographic performance in terms of retentivity and enantio-

selectivity. Halhalli et al. developed a two-step route to address the classical defi-

ciencies of MIPs, such as low binding capacity and nonuniform binding sites

[219]. The thin-walled beads were produced in two steps by first grafting thin MIP

films from porous silica beads under controlled (RAFT) or noncontrolled conditions,

and then removing the silica supports from the composites by etching. This method

led to beads with nanometer-thin walls with structure, morphology, and recognition

properties that strongly depended on the grafting chemistry (RAFT or non-RAFT),

monomer dilution, and film thickness of the original composite. The beads prepared

under RAFT control showed a further enhanced saturation capacity, significantly

exceeding that of the reference material. The reduced hydrophobic character of the

thin-walled materials indicated the existence of two separate pore systems with

different pore wettabilities.

5 Conclusions and Outlook

The high versatility of RAFT polymerization has made it a method of choice for

surface modification. The latest advances in surface-initiated polymerization have

enabled synthesis of target hybrids and (nano)composites with well-controlled

molecular weight and topology, relatively low polydispersity, and tunable struc-

tural parameters such as grafting density, hydrophobic/hydrophilic ratio, and thick-

ness of polymeric shell. With the introduction of functional polymers, the resultant

hybrid/composite samples have found multipurpose applications in various fields,

including bioscience and nanotechnology, and they hold great promise for smart

surface and interface materials.

In our opinion, the following three aspects will attract increasing attention in

both polymer and material sciences in the near future. First, the utilization of facile

and controlled synthetic methods, especially tandem or one-pot approaches, holds

great promise in advanced synthesis of target hybrids for materials science and

engineering because of their simplicity in terms of process and because they favor

large-scale production. Second, the introduction of smart moieties and cleavable

linkages into grafted chains imparts increasing functionality and application, a hot

topic in next-generation hybrid materials. Third, solid substrates grafted with

complex macromolecular architectures with tunable compositions and molecular

parameters will be an enduring topic in polymer science, materials science, and the

biosciences. Design and synthesis of novel topological polymers not only allows
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rapid construction of functional hybrids and composites but also promotes progress

in related disciplines such as physics, materials science, and biotechnology. Solid

substrates grafted with more complex topological polymers such as V-shaped,

hyperbranched, cyclic, comb-on-comb, miktobrush, and miktoarm star copolymers

will attract increasing attention as the role of polymeric graft architecture on the

relation between structure, property, and application is established.

Acknowledgment Y.Z. acknowledges the financial support from the National Natural Science

Foundation of China (Grants 20844001, 20874067 and 21074081) and the Project Funded by the

Priority Academic Program Development of Jiangsu Higher Education Institutions.

S.P. acknowledges the Royal Society Wolfson Merit Award (WM130055) and the Monash-

Warwick Alliance for financial support.

References

1. Moad G, Rizzardo E, Thang SH (2012) Aust J Chem 65(8):985–1076

2. Perrier S, Takolpuckdee P (2005) J Polym Sci A Polym Chem 43(22):5347–5393

3. Chiefari J, Chong YK, Ercole F, Krstina J, Jeffery J, Le TPT, Mayadunne RTA, Meijs GF,

Moad CL, Moad G, Rizzardo E, Thang SH (1998) Macromolecules 31(16):5559–5562

4. Corpart P, Charmot D, Biadatti T, Zard SZ, Michelet D (1998) Patent application WO

9858974

5. Gody G, Maschmeyer T, Zetterlund PB, Perrier S (2013) Nat Commun 4:2505 doi: 10.1038/

ncomms3505

6. Gody G, Maschmeyer T, Zetterlund PB, Perrier S (2014) Macromolecules 47(2):639–649

7. Gody G, Maschmeyer T, Zetterlund PB, Perrier S (2014) Macromolecules 47(10):3451–3460

8. Zetterlund PB, Gody G, Perrier S (2014) Macromol Theory Simul 23(5):331–339

9. Moad G, Rizzardo E, Thang SH (2005) Aust J Chem 58(6):379–410

10. Tsujii Y, Ejaz M, Sato K, Goto A, Fukuda T (2001) Macromolecules 34(26):8872–8878

11. Li CZ, Benicewicz BC (2005) Macromolecules 38(14):5929–5936

12. Li C, Han J, Ryu CY, Benicewicz BC (2006) Macromolecules 39(9):3175–3183

13. Ohno K, Ma Y, Huang Y, Mori C, Yahata Y, Tsujii Y, Maschmeyer T, Moraes J, Perrier S

(2011) Macromolecules 44:8944–8953

14. Cash BM, Wang L, Benicewicz BC (2012) J Polym Sci A Polym Chem 50(13):2533–2540

15. Perrier S, Takolpuckdee P, Mars CA (2005) Macromolecules 38(16):6770–6774

16. Zhao YL, Perrier S (2006) Macromolecules 39(25):8603–8608

17. Zhao YL, Perrier S (2007) Macromolecules 40(25):9116–9124

18. Zhao YL, Perrier S (2007) Macromol Symp 248(1):94–103

19. Nguyen DH, Wood MR, Zhao YL, Perrier S, Vana P (2008) Macromolecules 41(19):

7071–7078

20. Zhao GD, Zhang PP, Zhang CB, Zhao YL (2012) Polym Chem 3(7):1803–1812

21. Ranjan R, Brittain WJ (2007) Macromol Rapid Commun 28(21):2084–2089

22. Ranjan R, Brittain WJ (2007) Macromolecules 40(17):6217–6223

23. Ranjan R, Brittain WJ (2008) Macromol Rapid Commun 29(12-13):1104–1110

24. Rotzoll R, Vana P (2008) J Polym Sci A Polym Chem 46(23):7656–7666

25. Rotzoll R, Nguyen DH, Vana P (2009) Macromol Symp 275–276(1):1–12

26. Zhu MQ, Wang LQ, Exarhos GJ, Li ADQ (2004) J Am Chem Soc 126(9):2656–2657

27. Liu FY, Agarwal S (2015) Macromol Chem Phys 216(4):460–465

28. Williams PE, Jones ST, Walsh Z, Appel EA, Abo-Hamed EK, Scherman OA (2015)

ACS Macro Lett 4(2):255–259

Reversible Addition-Fragmentation Chain Transfer Polymerization from Surfaces 101



29. Oschmann B, Tahir MN, Mueller F, Bresser D, Lieberwirth I, Tremel W, Passerini S, Zentel

R (2015) Macromol Rapid Commun. doi:10.1002/marc.201400647

30. Ebara M, Hoffman JM, Hoffman AS, Stayton PS, Lai JJ (2013) Langmuir 29(18):5388–5393

31. Kaupp M, Tischer T, Hirschbiel AF, Vogt AP, Geckle U, Trouillet V, Hofe T, Stenzel MH,

Barner-Kowollik C (2013) Macromolecules 46(17):6858–6872

32. Kaupp M, Quick AS, Rodriguez-Emmenegger C, Welle A, Trouillet V, Pop-Georgievski O,

Wegener M, Barner-Kowollik C (2014) Adv Funct Mater 24(36):5649–5661
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Surface-Initiated Living Radical

Polymerizations Using Iodine,

Organotellurium, and Organic Catalysts

Atsushi Goto and Yoshinobu Tsujii

Abstract This chapter reviews surface-initiated living radical polymerizations via

iodine transfer polymerization (ITP), organotellurium-mediated radical polymeri-

zation (TERP), and reversible chain-transfer catalyzed polymerization (RTCP)

using organic catalysts. The successful application of these polymerizations made

it possible to graft various polymers with well-defined structures onto flat substrates

and nanoparticles. Living radical polymerizations, including ITP, TERP, and

RTCP, also lead to a striking increase in the graft density. Because of their unique

advantages as synthetic tools, ITP, TERP, and RTCP can be used to expand the

scope of controlled surface modification.

Keywords Iodine � Organic catalyst � Organotellurium � Polymer brush � Surface-
initiated living radical polymerization
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Abbreviations

σ Graft density
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AT Atom transfer

ATRP Atom transfer radical polymerization

BHE (2-Bromo-2-methyl)propionyloxyhexyltriethoxysilane

BzMA Benzyl methacrylate

Cex Degenerative (exchange) chain transfer constant

DC Dissociation-combination

DT Degenerative (exchange) chain transfer
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GPC Gel permeation chromatography

HEA 2-Hydroxyethyl acrylate

ICAR Initiators for continuous activator regeneration

IHE (2-Iodo-2-methyl)propionyloxyhexyltriethoxysilane

ITP Iodine transfer polymerization

Le Equilibrium thickness in a good solvent

LRP Living radical polymerization

MMA Methyl methacrylate

Mn Number-average molecular weight

Mw Weight-average molecular weight

N Degree of polymerization

NIPAM N-Isopropylacrylamide

NIS N-Iodosuccinimide

NMP Nitroxide-mediated polymerization

NVC N-Vinylcarbazole
NVP N-Vinylpyrrolidine
PEGA Poly(ethyleneglycol)methylether acrylate

Polymer• Polymer radical

Polymer-X Dormant species

RAFT Reversible addition-fragmentation chain transfer

RCMP Reversible complexation mediated polymerization

RITP Reverse iodine transfer polymerization

RT Reversible chain transfer

RTCP Reversible chain transfer catalyzed polymerization

SAM Self-assembled monolayer

TeBE 4-(Triethoxysilyl)butyl 2-methyltellanyl-2-methylpropionate

TeMe Methyltelluride

TEOS Triethoxysilyl

TERP Organotellurium-mediated radical polymerization

VAc Vinyl acetate

VDF Vinylidene fluoride

X Capping agent
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1 Introduction

The surface of a material plays a crucial role in its mechanical, thermodynamic,

chemical, optical, and electrical properties. Grafting a polymer onto a surface can

dramatically change these properties; therefore, the grafting technique is an impor-

tant issue in many areas of science and technology [1–6]. In this chapter, we focus

on “end-grafting” polymers onto solid surfaces. There are essentially two methods

for preparing end-grafted polymers. One is the “grafting-to” technique, in which a

preformed polymer is attached onto the surface. The other is the “grafting-from”

technique, also referred to as surface-initiated polymerization, in which polymer-

ization is conducted from the initiating groups bound to the surface. The grafting-

from method potentially provides much higher graft densities than the grafting-to

method, which is a clear advantage of the grafting-from method. This difference in

graft density is because, in the grafting-to process, preformed polymers to be

grafted on the surface have to diffuse against the concentration barrier formed by

the already grafted polymers. The diffusion becomes more and more difficult as the

density and chain length of the already grafted polymers increase, resulting in a

limited graft density that sharply decreases with increasing chain length. In the

grafting-from process, it is usually low-mass compounds such as monomers and

catalysts that have to diffuse across the barrier of the grafted polymers. For this

reason, chains can grow even on highly congested surfaces and to very high degrees

of polymerization. The chain growth is especially effective when the polymeriza-

tion proceeds in a living fashion. The graft chains can grow more or less simulta-

neously with their active chain ends, which are concentrated near the outermost

surface of the graft layer.

The conformation of those polymers in a solvent can dramatically change with

the graft density [1, 2, 7–9]. At low graft densities (i.e., in the “dilute” regime), the

polymer chains assume a “mushroom” conformation (Fig. 1). With increasing graft

density, the grafted chains are obliged to stretch away from the surface, forming a

so-called “polymer brush”. Polymer brushes can be categorized into two groups

according to their graft density: “semidilute” and “concentrated” brushes (Fig. 1).

In a semidilute brush, the polymer chains overlap each other, but their volume

fraction is still so low that the free energy of interaction can be approximated by a

binary interaction, and the elastic free energy can be approximated by that of a

Gaussian chain. Scaling theoretical analysis [10–15] predicts that, in a good

solvent, the equilibrium thickness (Le) of the semidilute brush varies according to

Eq. (1):

Le / Nσ1=3 ð1Þ

Here, N and σ are the degree of polymerization and the graft density (chains/nm2),

respectively. The 1/3 power dependence of Le on σ is a characteristic feature of the

semidilute brush. In a concentrated brush, the mentioned approximations are no

longer valid and higher-order interactions should be taken into account. Therefore,
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concentrated brushes are expected to exhibit properties that are different from those

of semidilute brushes. The Le of the concentrated brush is theoretically predicted by
Eq. (2) [14, 15]:

Le � Nσ1=2 ð2Þ

Le shows a 1/2 power dependence on σ. Le steeply increases with the graft density

and, hence, the polymer chains are significantly extended in this region. The

boundary between the semidilute and concentrated brushes is located around a

reduced graft density (surface occupancy) of σ*¼ 0.1 (10% of surface) [2].

Until recently, the structures and properties of concentrated brushes had not been

well studied experimentally because of the unavailability of well-defined concen-

trated brushes. The recent development of living polymerizations, including

anionic, cationic, ring-opening, and radical methods, has opened up synthetic routes

for producing well-defined concentrated brushes [1–4]. Among these methods,

living radical polymerization (LRP) [16–29], which is tolerant to impurities and

is versatile for a wide range of monomers, has been extensively applied to surface-

initiated polymerization on various organic, inorganic, and metallic solids [1–6].

Surface-initiated LRP has brought about a dramatic increase in the graft density,

allowing systematic studies of concentrated brushes. The surface occupancy

reaches approximately 40% (σ*¼ 0.4), at which point the polymer chains extend

to as much as 80% of the all-trans conformation length in good solvents [2]. These

studies have revealed that the structures and properties of the concentrated brushes

are quite different from those of the semidilute brushes and, in some cases, even

unpredictable [1, 2]. These unique properties of concentrated brushes may find

useful application.

Several LRP techniques have been used to prepare well-defined end-grafted

polymers in dilute, semidilute, and concentrated regions for different purposes.

These LRP techniques include nitroxide-mediated polymerization (NMP), atom

Fig. 1 Illustration of dilute,

semidilute, and

concentrated polymer

brushes and the dependence

of equilibrium thickness

(Le) on reduced graft

density (σ*) for these
brushes

110 A. Goto and Y. Tsujii



transfer radical polymerization (ATRP), and reversible addition-fragmentation

chain transfer (RAFT) polymerization. In this chapter, we review the use of iodine

transfer polymerization (ITP), organotellurium-mediated radical polymerization

(TERP), and reversible chain transfer catalyzed polymerization (RTCP) with

organic catalysts for surface-initiated polymerization. These LRP techniques are

robust, versatile for a variety of monomers, and/or inducible by photo-irradiation.

These features make these LRP techniques attractive candidates for widening the

scope of surface-initiated polymerization.

2 Reversible Activation

The basic concept of LRP is the reversible activation of a dormant species

(Polymer-X) to a polymer radical (Polymer•) (Scheme 1a). A sufficiently large

number of activation–deactivation cycles are required to yield a low-dispersity

polymer [28, 29]. The reversible activation reactions include dissociation–combi-

nation (DC) (Scheme 1b), atom transfer (AT) (Scheme 1c), and degenerative

(or exchange) chain transfer (DT) (Scheme 1d) mechanisms. NMP [18], ATRP

[19–21], and RAFT [22] systems are based on DC, AT, and DT, respectively. ITP

[23] uses iodine as a capping agent (X) and is based on DT. TERP [24] uses

organotellurides such as methyl telluride (TeMe) as X. TERP involves both DC

and DT, but DT is the main mechanism and DC becomes important at elevated

temperatures. RTCP [30–35] uses iodine as capping agent X and organic molecules

as catalysts for reversible activation. RTCP is based on a different reversible

activation mechanism from these three mechanisms, as explained in Sect. 5.

LRP has been applied to surface-initiated graft polymerization by immobilizing

either a dormant species (Fig. 2a) or a conventional radical initiator (Fig. 2b) on a

surface. In the latter case, a capping agent is added to the solution phase (reverse

LRP). The use of a surface-bound dormant species is promising for obtaining well-

defined high-density polymer brushes (in reverse surface-initiated LRP, the effi-

ciency and speed of attaching the capping agent can affect the graft density and

dispersity). Because of immobilization of the dormant species on the surface,

surface-initiated polymerization results in different situations from those in solution

polymerization. A question is whether the polymerization is as controllable on the

surface (within a graft layer) as it is in solution. The limited surface area of a

substrate (e.g., a flat substrate) leads to a low overall concentration of the dormant

species (capping agent), resulting in poor control of the polymerization, which must

be circumvented. Thus, an unimmobilized free dormant species or a capping agent

is often added to the solution to increase the overall concentration [1–6]. Tethering

and crowding of polymers affect the local concentrations of the reactants and,

hence, their reaction rates. This behavior has the most important effect on

intermolecular reactions between graft chains, e.g., termination between two

graft radicals and DT between a graft radical and a graft dormant species. For

examining polymerization behavior in the graft layer, an interesting system is one
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with an added free dormant species, because the polymerization simultaneously

proceeds in both the graft and solution phases under the same conditions and we can

compare the chain length and chain-length distribution between the graft and free

polymers.

From a mechanistic point of view, a particularly interesting case is graft poly-

merization based on DT. Unlike DC and AT, DT can occur between graft chains

(Fig. 3). Because the graft chains in a high-density brush are highly stretched in a

good solvent, their chain ends are concentrated near the outermost surface of the

graft layer. Thus, DT can occur effectively between the graft chains, and a sequence

of DT processes can be viewed as migration or reaction–diffusion of the otherwise

strictly localized graft radicals. This surface migration narrows the dispersity of the

graft chains in DT systems such as RAFT, ITP, and TERP systems. Tsujii

et al. studied surface-initiated RAFT polymerization of styrene on silica particles

[36]. They used silica particles grafted with probe oligomeric polystyrene chains

Scheme 1 (a) Reversible

activation, (b) dissociation–

combination, (c) atom

transfer, and (d)

degenerative chain transfer

Fig. 2 (a) Surface-initiated

LRP and (b) surface-

initiated reverse LRP
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with a dithiobenzoate capping agent (X¼ SCSPh). After chain extension by styrene

polymerization, the graft chains were cleaved from the silica particles using HF and

characterized. Polystyryl radicals were predominantly terminated via recombina-

tion to give dead chains with doubled molecular weight. Gel permeation chroma-

tography (GPC) analysis has shown two facts: First, the chain-length distribution of

the main-peak component, which could be assigned to living or unterminated

chains, was narrower than that of the free polymer. This suggests more frequent

occurrence of DT on the surface than in solution. Second, this surface migration led

to significant termination among the graft radicals. The minor-peak component,

which could be assigned to the terminated chains with doubled molecular weight,

was unusually large. This could occur when the surface migration is extremely fast,

that is, when the degenerative (exchange) transfer constant (Cex) is extremely large.

The styrene/dithiobenzoate system is a well-known system with an extremely large

Cex value (Cex> 6,000) [37]. This result clearly proves the occurrence of radical

migration (chemical diffusion of radicals) on the surface. There was also observed a

critical value of the graft density, below which migration of the graft radicals hardly

occurred. Below this limit, the effects of migration are not expected and, thus, the

migration is a characteristic kinetic feature of the “concentrated” regime.

3 Surface-Initiated ITP

The ITP system contain a monomer, an alkyl iodide dormant species, and a radical

source such as an azo compound and a peroxide that supplies Polymer• to induce

DT and run the polymerization. ITP is one of the simplest and most technically

Fig. 3 Comparison of the

key processes in (a) DC and

AT systems and (b) the DT

system
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robust LRP techniques [23, 38–44]. ITP has been applied to surface-initiated

polymerization on flat substrates and fine particles.

The first example was reported by Takahara and coworkers, who prepared poly

(vinyl acetate) brushes on a silicon wafer (flat substrate) [45]. Instead of using an

“iodide” surface-immobilizable initiating dormant species, the authors used a

“bromide” species, (2-bromo-2-methyl)propionyloxyhexyltriethoxysilane (BHE)

(Scheme 2a), which consists of an alkyl bromide moiety and a triethoxysilyl

(TEOS) group. BHE was covalently immobilized onto a silicon wafer via a

chemical vapor adsorption method, whereby the TEOS group of BHE was coupled

with the silanol group on the silicon surface. Then, on the surface of the wafer,

bromine was converted to iodine via a halogen exchange reaction using NaI

(Scheme 2a). The obtained “ITP initiator” immobilized wafer was immersed in a

mixture of vinyl acetate (VAc), a radical source (an azo compound), and free ITP

initiator (ethyl iodoisobutylate) that was structurally similar to the immobilized

initiator. The system was then heated for the polymerization. Without the free

initiator, the graft polymerization can be controlled only poorly because of the

low overall concentration of the dormant species.

Although the graft polymer was not directly characterized in this work, we may,

a priori, assume that the produced free polymer can be used as a useful measure of

the chain length and chain-length distribution of the graft polymer. In other systems

such as ATRP (and TERP, as described later), several research groups have directly

characterized the graft polymers cleaved from the substrates and observed good

agreement in the number-average molecular weight (Mn) and dispersity index (Mw/

Mn) between the graft and free polymers [2] (Mw being the weight-average molec-

ular weight). The thickness of the poly(vinyl acetate) brush, as determined using

Scheme 2 Immobilization of ITP initiator onto a surface
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ellipsometry, increased with an increase in Mn of the free polymer. Assuming the

same Mn for the graft and free polymers, the graft density σ was calculated to be

0.09 chains/nm2 (i.e., the reduced graft density σ*¼ 0.04). The Mw/Mn of the free

polymer was 1.7–2.0. TheMw/Mn of the graft polymer in ITP might be smaller than

that of the free polymer because of the radical migration mentioned above. The

obtained poly(vinyl acetate) brushes were then converted to poly(vinyl alcohol)

brushes via hydrolysis (Fig. 4a). These hydrophilic brushes were then subjected to

tribology studies [46].

An advantage of ITP is that ITP is applicable to fluorinated vinyl monomers [38,

47, 48]. Améduri and coworkers conducted surface-initiated ITP of vinylidene

fluoride (VDF) on silica particles (Fig. 4b) [49]. They used silica particles bearing

vinyl groups on the surface (Scheme 2b). An ITP initiator,

1,4-diiodoperfluorobutane, was immobilized onto the surface through an addition

reaction of 1,4-diiodoperfluorobutane to the double bonds on the surface. The

ITP-initiator immobilized particles were mixed with VDF and a radical source

(peroxide) and heated for the polymerization, without using a free ITP initiator.

Elemental analysis, water contact angle measurement, and thermogravimetric anal-

ysis clearly showed successful grafting of poly(vinylidene fluoride) on the particles.

Regarding VDF, other approaches (i.e., grafting-to) were also used for grafting poly

(vinylidene fluoride) onto silica particles [50] and carbon black particles [51]. The

free polymer was prepared by ITP, and the terminal iodine unit or the post-

transformed terminal azido unit was used for grafting the polymer onto the surfaces.

Instead of a dormant species, a conventional radical initiator can be immobilized

on the surface to conduct reverse LRP. Reverse iodine transfer polymerization

(RITP) has been established in solution by Lacroix-Desmazes and colleagues [42–

44] and Tatemoto and Nakagawa [38]. A conventional radical initiator such an azo

compound (R–N¼N–R) and molecular iodine (I2) are used as starting compounds;

then, the alkyl iodide (R–I) formed in situ is used for the polymerization. Wang

Fig. 4 Polymer brushes prepared by surface-initiated ITP
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et al. immobilized an azo radical initiator onto silica particles (Scheme 2c) and

successfully applied RITP to the graft polymerization of methyl methacrylate

(MMA) [52]. Taking advantage of the living nature of ITP, these researchers also

extended the graft chain with a second monomer (a terbium-complexed MMA) and

obtained a block copolymer brush (Fig. 4c) [52]. The obtained silica/polymer/

terbium hybrid material showed strong fluorescence due to terbium, suggesting

successful block copolymerization. The same research group also applied this RITP

approach to a flat silicon substrate and obtained an amphiphilic block copolymer

brush using MMA and N-isopropyl acrylamide (NIPAM) (Fig. 4c) [53].

Besides inorganic substrates, Boyer and coworkers used a polypropylene film as

a substrate (Scheme 2d) [54]. They conducted surface-initiated RITP using

γ-irradiation to generate radicals on the film surface in the presence of I2, obtaining

brushes of styrene and methyl acrylate (Fig. 4d). The γ-irradiation approach is

useful for directly forming polymer brushes on inert polymer films that lack

functional groups for immobilizing initiators.

Photo-induced ITP has recently been developed in solution by Wolpers and

Vana [55]. The polymer–iodine bond was directly cleaved by photo-irradiation

(DC process in Scheme 1b), and accumulation of the iodine deactivator (generated

by DC) was avoided by continuously supplying Polymer• using a conventional

radical initiator. It would be interesting to apply this photo-induced ITP to surface-

initiated polymerization in the future.

4 Surface-Initiated TERP

The TERP system contains a monomer, an organotellurium dormant species, and a

conventional radical initiator for inducing DT [24, 56–59]. Interestingly, TERP can

also be conducted at elevated temperature [56, 57] or under photo-irradiation [59],

even without adding a conventional radical initiator. High temperatures and photo-

irradiation can induce thermal and photochemical dissociation of the organotellurium

dormant species (DC in Scheme 1b), respectively, which can act as an alternative

radical source; then, the polymerization is mainly controlled by DT. The most

attractive advantage of TERP would its high monomer versatility. TERP is amenable

to both conjugated and nonconjugated monomers and is also compatible with a

variety of functional monomers. TERP can also provide high molecular weight

polymers with low dispersities, which may be beneficial for obtaining thick polymer

brushes. Photo-induced TERP could also be useful for surface-initiated polymeriza-

tion. Thus, TERP could expand the synthetic scope of polymer brushes.

Yamago et al. [60] prepared a surface-immobilizing TERP initiator,

4-(triethoxysilyl)butyl 2-methyltellanyl-2-methylpropionate 2 (TeBE) (Scheme 3a).

TeBE was immobilized on a silicon wafer and silica particles, and then heated with

a monomer and a free TERP initiator. A conventional azo initiator was added in

some cases, depending on the monomer and temperature. In the polymerization of

styrene, in selected runs, the graft polymer was cleaved from the surface and
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analyzed by GPC. The Mn of the graft polymer was very similar to that of the free

polymer (within a 5% difference) and agreed well with the theoretical Mn value up

to Mn¼ 58,000. The Mw/Mn was also very similar for the free and graft polymers

and was typically as low as 1.1–1.2. In some cases, the graft polymer had an even

smaller Mw/Mn value than the free polymer, possibly because of the fast DT

induced by radical migration on the surface as well as the effect of the polymers

generated by autoinitiation of styrene in the solution phase. The termination

product by the radical migration was not significant in TERP, in contrast to the

mentioned RAFT system. The Cex value (Cex> 6,000) in the RAFT system [37]

was extremely large and more than 300 times greater than that (Cex¼ 17) in the

TERP system [58, 61], explaining why significant termination was observed only in

the RAFT system. The thickness of the graft layer increased proportionally to the

Mn of the graft (and free) polymer, indicating that the graft density remained

constant during polymerization. The reduced graft density σ* was high (up to

0.48) and was located in the concentrated region. These results demonstrate the

successful preparation of well-defined concentrated polymer brushes by TERP.

Surface-initiated TERP was also applied to MMA, butyl acrylate, NIPAM, N-
vinylcarbazole (NVC), and N-vinylpyrrolidine (NVP) (Fig. 5). The σ* value was

0.32 for MMA, 0.30 for butyl acrylate, 0.36 for NIPAM, 0.53 for NVC, and 0.50 for

NVP; Mw/Mn was small (<1.41) in all cases. NVC and NVP are nonconjugated

monomers, and this result is the first preparation of concentrated brushes of

nonconjugated monomers. Thus, a wide range of monomers can be used for

surface-initiated TERP. Figure 5 also shows transmission electron microscope

(TEM) images of silica nanoparticles fabricated with polystyrene brushes of two

different molecular weights.

TERP can be photochemically induced, as mentioned. Photo-induced reactions

do not require heat and thus are applicable to functional groups and materials that

decompose at high temperatures. Photochemical stimuli can also be used as exter-

nal stimuli to switch the reactions “on” and “off” and can trigger the reactions

locally at specific positions. Thus, photo-induced LRP can expand the scope of

monomers and substrates and offer temporal and spatial control in surface-initiated

LRP. In this regard, Tsujii, Yamago and coworkers conducted photo-induced

Scheme 3 Immobilization of TERP initiator onto a surface
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surface-initiated TERP under photo-irradiation at λ¼ 450–530 nm [62]. They

attached an iodide immobilizing initiator, (2-iodo-2-methyl)propionyloxyhexyl-

triethoxysilane 3 (IHE) (Scheme 3b), onto a silicon wafer and silica particles,

instead of the telluride initiator (TeBE). After the immobilization, iodine was

exchanged with a telluride group in situ during the polymerization. IHE is insen-

sitive to oxygen and has the advantages that it is easy to prepare and handle,

whereas TeBE is slightly sensitive to oxygen. The photo-induced TERP of

2-hydroxyethyl acrylate (HEA) and poly(ethyleneglycol)methylether acrylate

(PEGA) successfully produced well-defined hydrophilic concentrated brushes.

The σ* value was 0.34 for HEA and 0.42 for PEGA, and the Mw/Mn value was

1.2–1.3 in both cases. These hydrophilic concentrated brushes exhibited

superlubrication in aqueous solutions [62], which is a unique feature of concen-

trated brushes.

5 Surface-Initiated RTCP

The RTCP system contains a monomer, an alkyl iodide dormant species, a con-

ventional radical initiator as radical source, and an organic catalyst [30–35]. The

component is ITP including a catalyst. In ITP, the Cex value is relatively small, and

thus the dispersity control is limited in many case (e.g., Cex¼ 4.0 for styrene at

60�C [63] and 1.6 for MMA at 90�C [64]). The addition of a catalyst in RTCP

dramatically improves the control of dispersity.

Fig. 5 Surface-initiated TERP. Applicable monomers and TEM images of silica nanoparticles

fabricated with polystyrene brushes. The black and white parts correspond to silica particles and

polystyrene, respectively. Reproduced with permission from Yamago et al. [60] (Copyright 2013

American Chemical Society)
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RTCP involves a reversible chain transfer (RT) process with a catalyst

(Scheme 4a) that improves the dispersity control, as well as the mentioned small

contribution of DT (Scheme 1d). The catalyst can be, e.g., N-iodosuccinimide (NIS)

(Scheme 4a) [31], and works as a deactivator. Polymer• (which is originally

supplied by the conventional radical initiator) reacts with NIS to produce N-
succinimide radical (NS•). NS• works as an activator of Polymer-I to generate

Polymer• and NIS again. This cycle allows for frequent reversible activation of

Polymer-I. This process is a reversible chain transfer of NIS that catalytically

activates Polymer-I. Therefore, the polymerization was termed reversible chain

transfer catalyzed polymerization (RTCP). Regarding the components used,

RTCP is similar to initiators for continuous activator regeneration (ICAR)-ATRP

[65]. Both systems use a monomer, a dormant species (alkyl iodide or alkyl

bromide), a conventional radical initiator, and a deactivator [NIS or copper (II)]

to regenerate a highly reactive activator [NS• or copper (I)].

Goto and coworkers attached a surface-immobilizing initiator IHE onto a silicon

wafer (Scheme 5) and prepared polymer brushes by RTCP [66]. The

IHE-immobilized silicon wafer was immersed in a mixture of MMA,

2-cyanopropyl iodide (a free iodide initiator), azobis(isobutyronitrile) (a radical

source), and NIS (a catalyst). The system was purged with an inert gas and heated at

70�C for 4 h to induce polymerization. The Mn and Mw/Mn values of the free

polymer were 15,000 and 1.31, respectively. From the thickness of the graft

polymer and the Mn of the free polymer, the σ* value was calculated to be 0.28.

This result indicates the successful controlled synthesis of a concentrated polymer

brush by RTCP. Another example of the graft polymerization is depicted in Fig. 6,

Scheme 4 (a) Reversible chain transfer for RTCP and (b) reversible complexation for RCMP

Scheme 5 Immobilization of RTCP initiator onto a surface
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in which IHE was fixed onto the surface in a patterned manner. For demonstration

purposes, Goto and colleagues carried out an RTCP of benzyl methacrylate

(BzMA) for a short period of 5 min at 85�C, using a nontoxic catalyst (vitamin

E) and without prior purge with an inert gas. After the polymerization, the polymer

brushes were observed as black square spots (Fig. 6), demonstrating the robust and

quick synthesis of a patterned polymer brush.

Regarding the use of RTCP, a grafting-to approach was also used for chemically

attaching polystyrene onto silica particles. Afsharian-Moghaddam and Haddadi-

Asl prepared a free polystyrene-iodide by RTCP [67]. They utilized a nucleophilic

substitution reaction of the iodine end of the polymer with the hydroxyl groups on

the inorganic surface. Using this method, the polymer can be directly attached to the

surface, without requiring modification of the inorganic surfaces or functiona-

lization of the polymers. The method could serve as a simple technique for

end-grafting polymers.

In addition to RTCP, Goto and coworkers also developed another type of

organo-catalyzed LRP, i.e., reversible complexation-mediated polymerization

(RCMP) (Scheme 4b) [64, 68–70]. RCMP is mechanistically different from

RTCP. The RCMP system contains a monomer, an alkyl iodide (dormant species),

and a catalyst (activator), and is technically similar to “normal” ATRP. The RCMP

catalysts include, e.g., tertiary amines (R3N) [64] and quaternary ammonium iodide

(R4N
+I�) [68]. The organic catalysts for both RTCP and RCMP are inexpensive

and easy to handle and in many cases also have minor colors, smells, and toxicities.

RTCP and RCMP are amenable to a variety of monomers, and RCMP can be

induced by photo-irradiation [69] as well as thermal heating. These features of

RTCP and RCMP make them attractive for a variety of brush designs.

Fig. 6 Surface-initiated RTCP for preparing a patterned brush. Reproduced with permission from

Tanishima et al. [66] (Copyright 2014 MDPI)
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6 Conclusions

ITP, TERP, and RTCP have successfully been applied to surface-initiated poly-

merizations of several monomers for preparing well-defined, dilute, semidilute, and

concentrated polymer brushes on flat substrates and particles. These LRP tech-

niques are attractive for their robustness, high monomer versatility, and inducibility

by photo-irradiation, for example, and widen the scope of surface-initiated poly-

merization. Access to a range of macromolecular surface designs could be benefi-

cial for a variety of applications.
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Radical Polymerization At and Near

Interfaces in Heterogeneous Media

Elodie Bourgeat-Lami, Franck D’Agosto, and Muriel Lansalot

Abstract This review describes recent advances in the synthesis of polymeric

nanocapsules and polymer/inorganic hybrid nanoparticles where controlled radical

polymerization (CRP) has been used in (mini)emulsion systems to restrict the

location of polymerization to an interface. For the synthesis of nanocapsules,

CRP polymers stabilize the initial miniemulsion droplet interface and are chain-

extended mainly towards the center of the droplets, which contain an inert liquid

core. For encapsulation of inorganic particles, CRP polymers adsorbed on their

surface are chain-extended to form a polymer shell around the inorganic core.

Precise control over the structure and composition of the polymers allows their

location to be restricted to these interfaces. Polymerization in the subsequent (mini)

emulsion system then commences from these specific locations, courtesy of the

reactivatable functions. The developed strategies retain the advantages of tradi-

tional emulsion or miniemulsion systems, while greatly expanding their potential to

generate novel nanostructured functional materials.

Keywords ATRP � Capsules � Composite materials � Controlled radical

polymerization � Emulsion polymerization � Encapsulation � Inorganic particles �
Miniemulsion polymerization � NMP � RAFT
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1 Introduction

Free-radical polymerization is arguably the most important method for the produc-

tion of synthetic polymers in view of its widespread industrial use and the large

variety of applications for the resulting polymers. A wide range of functional

monomers can be (co)polymerized by free-radical polymerization to produce a

myriad of polymer compositions and properties [1], but the unavoidable occurrence

of fast radical–radical termination reactions means that their molar masses, chain-

end functionalities, and macromolecular architectures cannot be controlled. In the

last two decades, the development of controlled radical polymerization (CRP)

techniques (IUPAC recommended term: reversible-deactivation radical polymeri-

zation, RDRP) has impacted the polymer field tremendously by overcoming these

limitations. CRP techniques can be subdivided into two categories: those based on a

reversible termination reaction and those based on a reversible chain transfer
reaction. In both cases, macromolecular radicals, called active species, undergo

reversible deactivation under the influence of a controlling agent to form dormant

chains (with the controlling functionalities at their termini). Only a very small

fraction of the total number of chains are simultaneously active and therefore

capable of propagation, but rapid interchange of the active centers between macro-

molecular chains means that all chains have an equal chance of propagating. CRP

systems therefore display narrow molar mass distributions and a linear increase in

the number-average molar mass (Mn) with monomer conversion, because the

polymer chains grow concurrently. The production of block copolymers and

more complex architectures is also possible because polymers produced by CRP

bear the mediating function at the chain end and can thus be further extended with

either the same or another monomer in a subsequent polymerization step.

Emulsion polymerization is an important industrial process for the production of

latex paints, rubbers, coatings, and adhesives [2–4]. A “conventional” emulsion

polymerization starts with the emulsification of an insoluble (or scarcely soluble)

monomer in water with the aid of a surfactant. A hydrophilic initiator is also present

in the aqueous phase. At this point, the monomer is primarily distributed between

large emulsion droplets and small surfactant micelles, with a minor amount

dissolved in the aqueous phase. Polymerization starts in the aqueous phase by the

formation of free radicals from the initiator and the addition of the first monomer

units. These oligomeric radical species are rapidly captured by the monomer-

swollen micelles, leading to particle formation in the nucleation step. Their conti-

nued propagation is supported by the supply of monomer molecules diffusing

through the aqueous phase from the large droplets. In surfactant-free emulsion

polymerizations, the nucleation occurs by precipitation of the oligoradicals to form

unstable nuclei, which fuse to form larger particles. Polymerization takes place

mainly within these monomer-swollen particles, which grow in a similar fashion to

those in a surfactant-containing system.

In the last 20 years, emulsion polymerization has proven highly suitable for the

production of polymer/inorganic particles to generate a variety of composite
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colloids. These can be further processed into films with improved mechanical,

thermal, or barrier properties compared with their pure-polymer counterparts [5–

7]. The encapsulation of inorganic nano-objects into polymer particles can be

achieved either by physical adsorption of preformed polymer chains or particles

onto the inorganic particles, or by encapsulation of inorganic objects within the

polymer latex by using them as seeds in the emulsion polymerization process. To

circumvent the lack of compatibility between the inorganic and organic parts,

coupling agents such as silanes, titanates, or carboxylates and surfactants are

usually employed to render the inorganic surface more hydrophobic.

Miniemulsion polymerization is another widely employed tool for the produc-

tion of polymer/inorganic nanoparticles in dispersed systems [8–12]. In

miniemulsion polymerization, high shear is initially applied to the suspension of

monomer in a dispersing phase to produce small uniform monomer droplets.

Stability is maintained by the presence of a surfactant and also by the use of a

solvophobic species that suppresses molecular diffusion between droplets. These

droplets then accept radicals produced in the initiation step and polymerize to form

the final latex particles. In an ideal miniemulsion polymerization, every droplet is

nucleated to produce a one-to-one particle copy. When performed in water,

miniemulsion polymerization combines the features of an emulsion polymerization

with the possibility of dispersing a hydrophobic species inside the monomer

droplets. By avoiding the often complicated nucleation step observed in emulsion

polymerization, the miniemulsion process is a powerful tool for encapsulating

compatible components (including inert liquids and inorganic particles) into the

latexes [13–18].

Regardless of the synthetic strategy, controlling the size and morphology of

latex particles is key to modulating the properties of the final material. The use of

CRP in emulsion and miniemulsion systems can enhance the possibilities for fine

tuning the particle composition and morphology by controlling the polymer chains

at the molecular level, thus opening the door to well-defined materials for a variety

of new applications. The achievements of CRP in dispersed media have been

covered in several excellent review articles [19–22]. The present work focuses

more specifically on recent advances in the use of well-defined CRP polymers to

generate nanocapsules and polymer/inorganic hybrid nanostructures in hetero-

geneous systems. Particular attention is placed on the use of CRP polymers as

reactivatable precursors in the (mini)emulsion systems. Because CRP allows tuning

of the physico-chemical properties of these polymers to precisely direct their

location at the interface, reactivation of their dormant end groups permits resump-

tion of the polymerization at these specific loci.
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2 Controlled Radical Polymerization Techniques

CRP techniques are classed as either reversible termination processes or reversible

chain transfer processes. Within the first category, nitroxide-mediated polymeriza-

tion (NMP) [23] and atom transfer radical polymerization (ATRP) [24] are the two

most commonly used methods. In NMP, control is induced by nitroxide derivatives,

which are capable of reversibly capping active radicals to form dormant

alkoxyamines. Although alkoxyamines are stable at low temperatures, their C–O

bonds can undergo reversible homolytic cleavage at elevated temperatures,

regenerating active radicals that can add a few monomer units before being once

more capped by the nitroxide. This equilibrium between propagating radicals and

dormant macroalkoxyamines governs NMP. In ATRP, an alkyl halide initiator is

activated by a redox reaction with a transition metal complex. In this reaction, the

alkyl halide is reduced to produce an active radical capable of propagation, while

the transition metal is oxidized. In most ATRP systems, Cu(I) species complexed

by multidentate amine ligands are used as activators. After the activation step, the

propagating radical can add monomer for a short time before being deactivated

again through the reverse process: oxidation of the propagating radical by the Cu

(II) complex to regenerate an alkyl halide and the original Cu(I) activator. The

activation step can be performed using different approaches, starting either from Cu

(I) or from Cu(II). If Cu(I) is used, the process is called direct ATRP, and only the

alkyl halide is employed as initiator. If Cu(II) is used, there are multiple initiation

possibilities, including (i) the reverse ATRP process [24], which uses a classical

radical initiator; (ii) the simultaneous reverse and normal initiation (SR&NI)

method [25], which utilizes an alkyl halide in conjunction with a small fraction of

a classical radical initiator to reduce Cu(II) to Cu(I); (iii) the activator (re)generated

by electron transfer (A(R)GET) technique [26], which uses an alkyl halide initiator

in combination with a reducing agent to turn Cu(II) into Cu(I); and (iv) e-ATRP

[27], which utilizes the concept of ARGET ATRP via an electrochemical stimulus

to provide enhanced polymerization control.

CRP methods that proceed according to a reversible transfer mechanism (also

called degenerative transfer, DT, processes) rely on a conventional radical initiator

to generate a small number of active radicals, with the presence of a reversible chain

transfer agent in large excess allowing the active radicals to be continuously

redistributed between a large number of chains. Chains that are not active contain

the chain transfer agent as their end group. In (reverse) iodine-transfer polymer-

ization, (R)ITP, an iodine atom is transferred between active chains [28–30].

Organotellurium-mediated living radical polymerization (TERP) follows a similar

mechanism [31], with the exchange of a terminal TeCH3 group. The most popular

DT technique is reversible addition-fragmentation chain transfer (RAFT) polymer-

ization [32, 33], which utilizes a thiocarbonyl (i.e., C¼S based) compound –

typically a dithioester, dithiocarbonate, dithiocarbamate, or trithiocarbonate – as

chain transfer agent [denoted Z-C(¼S)-SR]. A radical can add to the thiocarbonyl

group to generate a tertiary carbon-based radical intermediate, which then
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fragments to release a second radical (the “R group” of the RAFT agent) that is also

capable of propagating. In this manner, the active radical functions are rapidly and

continually transferred between all the growing chains. If the initial concentration

of the radical initiator is low with respect to the initial concentration of the transfer

agent, a large majority of macromolecules have the same RAFT agent-derived end

groups and the concentration of growing macromolecular chains becomes constant

and close to the initial concentration of the RAFT agent. Precise molar masses can

therefore be targeted by simply adjusting the feed ratio of monomer to RAFT agent.

3 Synthesis of Polymeric Nanocapsules

Nanocapsules are latex particles with a hollow or non-polymeric core, and hetero-

geneous polymerization systems employing CRP polymers at an interface have

proven particularly amenable to their synthesis. The first method for nanocapsule

synthesis in dispersed media using CRP is to mix a compatible inert liquid (also

called a templating liquid) with the monomer in a miniemulsion system stabilized

by CRP polymers. The inert liquid is subsequently entrapped in the core of the latex

particles after polymerization. Post-polymerization removal of this liquid generates

hollow particles, which are interesting for a variety of applications including drug

delivery [17, 11]. CRP (typically RAFT and ATRP) is central to this approach

because carefully designed controlling agents allow the polymerization to be

confined to the interface of the dispersed and continuous phases and, thereby,

entrap the templating liquid in the particle core [34]. Most studies describing this

approach employ oil-in-water miniemulsion (also called direct miniemulsion)

systems, as detailed in Sect. 3.1. Inverse miniemulsion systems, in which hydro-

philic monomer droplets swollen with water are polymerized in an organic dispers-

ing phase, have also been successfully reported and are detailed in Sect. 3.2. An

alternative approach to generation of nanocapsules by using vesicles rather than

liquids as templates is described in Sect. 3.3. Here, CRP polymers are electrostat-

ically adsorbed on the surface of the vesicles, and a hydrophobic polymer shell is

grown from this locus via emulsion polymerization.

3.1 Direct Miniemulsion

3.1.1 Non-crosslinked Nanocapsules

The first example of the use of CRP in miniemulsion to produce nanocapsules was

reported by van Zyl et al. [35], who employed a RAFT agent for the ab initio

miniemulsion polymerization of styrene. It is important to note that, in this exam-

ple, the dispersed phase was stabilized by a traditional surfactant (rather than a CRP

polymer), with the CRP polymer generated in situ in the continuous phase before
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joining the surfactant at the interface. More specifically, the starting miniemulsion

was formed in presence of sodium dodecyl sulfate (SDS) as surfactant with

iso-octane used as the templating liquid in the styrene droplets. Fine tuning of the

polymerization kinetics and surface effects allowed the droplet-entering oligomeric

species to be anchored at the surface of the particles, where polymerization

continued. Systems employing phenyl 2-propyl dithiobenzoate and phenyl

2-propyl phenyldithioacetate (PPPDTA) as molecular chain transfer agents and

potassium persulfate (KPS) or 2,20-azobis(isobutyronitrile) (AIBN) as initiators

were tested. The use of AIBN did not lead to surface-active oligomeric species

and thus favored confinement of the formed chains inside the particles. However,

PPPDTA used in conjunction with KPS generated surface-active oligomeric spe-

cies that resided at the water–monomer droplet interface. A rapid increase in the

molar mass of the chains was observed, leading to reduced mobility where they

were formed and thereby discouraging any migration away from the interface. The

confinement of RAFT polymerization close to the surface of the droplets success-

fully resulted in formation of nanocapsules.

Shortly after this first successful report, Luo and Gu envisaged the use of a

macromolecular RAFT (macroRAFT) agent that could both act as a stabilizer of the

droplets and help to localize the controlled polymerization at the surface of the

monomer droplets. In a seminal work [36], they used a preformed RAFT copolymer

of styrene and maleic anhydride (MAn) in the subsequent miniemulsion polymer-

ization of styrene. The particularity of this comonomer pair is that strictly alternat-

ing copolymers are obtained when identical molar amounts of styrene and MAn are

used. RAFT polymerization of styrene and MAn was thus conducted in bulk to give

P(S-alt-MAn), which was then mixed with styrene and the templating liquid

(C19H40). This organic phase was dispersed in water containing ammonia, which

aminolyzed the MAn units to hydrophilic carboxylate and amide groups. The

resulting polymer chains migrated to the surface of the miniemulsion droplets,

where they assumed the role of reactive stabilizers capable of chain extension with

the styrene units in the droplets. The localization of these reactive stabilizers at the

surface and the presence of the core material maintained the polymerization loci at

the interface with water and allowed the inward growth of PS chains to generate

nanocapsules. It is worth mentioning that the system did not provide capsule

morphology quantitatively and a certain fraction of solid particles were also

formed. Detailed investigation showed the importance of the hydrophilicity and

molar mass of the aminolyzed P(S-alt-MAn) chains in reducing the proportion of

solid particles [37]. The minimum amount of solid particles was obtained when

aminolysis of the prepolymer was performed using an ammonia-to-anhydride ratio

of 0.9. Solid particles could be avoided under these conditions either by slightly

increasing the Mn of the P(S-alt-MAn) chains (from 1,400 to 1,795 g mol�1) or by

the additional use of SDS as surfactant.

With the aim of producing capsules quantitatively, the same group further

developed this interface-confined miniemulsion concept by employing poly(acrylic

acid)-block-polystyrene (PAA-b-PS) block oligomers as reactive surfactants

[38]. Miniemulsions of styrene were prepared in water under alkaline conditions
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in the presence of a large amount of hexadecane (HD) as templating liquid.

Although only very short block copolymers were attainable (containing on average

only two AA units and from one to three styrene units per chain), surface tension

measurements confirmed their surface activity, and stable miniemulsions could be

formed. Polymerizations were carried out with KPS as initiator. Upon polymeriza-

tion, capsules were formed by chain extension of these oligomers located and

maintained at the surface of the HD-rich monomer droplets. Control of the

RAFT-mediated polymerization occurring in most of the particles was demon-

strated by a linear increase in molar mass with conversion. An uncontrolled high

molar mass population was also observed, which the authors initially suspected

corresponded to the small proportion of solid particles formed by homogeneous

nucleation. The presence of these particles was attributed to the hydrolysis of some

RAFT functionalities to produce chains that were no longer capable of chain

extension, increasing the chance of homogeneous nucleation in which RAFT

control is not imposed. This explanation was consistent with the higher-than-

expected experimental molar mass values of the controlled polymer population,

because fewer RAFT groups in the system would increase the average chain length

at a given monomer conversion. The addition of SDS before sonication, keeping all

else constant, suppressed formation of the high molar mass population. Surpris-

ingly, however, solid particles were still present, suggesting that the high molar

mass polymer in the SDS-free system does not originate from solid particles;

further experiments are therefore required to explain its origin. The addition of a

small fraction of SDS after miniemulsion formation was also studied and led to the

generation of homogeneous capsules that could be separated by centrifugation from

the unavoidable small amount of solid particles. In a similar study, the authors

showed that homogeneous nucleation could be attributed to the escape of hydro-

philic stabilizer-derived radicals from the surface of the droplets to the water

phase [39].

3.1.2 Shell-Crosslinked Nanocapsules

On the strength of this new strategy to produce nanocapsules using RAFT-

synthesized reactive stabilizers, Luo’s group extended the interfacial RAFT

miniemulsion polymerization idea to the synthesis of hollow nanoparticles

exhibiting a crosslinked fluorinated shell [40]. Dodecafluoroheptyl acrylate

(DFA) was miniemulsified in water in the presence of HD as hydrophobe, hexyl

acetate as liquid core material, divinylbenzene (DVB) as crosslinker, and AIBN as

initiator. To stabilize the resulting droplets, low molar mass (1,728 g mol�1,

Ð¼ 1.07) poly(methacrylic acid)-block-poly(dodecafluoroheptyl acrylate)

(PMAA-b-PDFA) block copolymers were first synthesized by RAFT using

4-cyano-4(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid (CDPA) as chain

transfer agent. The previous findings of the authors were used here to prevent the

formation of solid particles: a low pH value (6.46) of the aqueous phase, use of a

hydrophobic initiator (AIBN), addition of a radical scavenger in water (NaNO2),
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and post-emulsification addition of a small amount of SDS. More than 95% of the

particles obtained were nanocapsules and the gel content was measured to be 99%,

suggesting a high degree of crosslinking in the fluorinated shell. A control exper-

iment was performed under the same conditions, but with PMAA-b-PDFA being

replaced by a corresponding amount of methacrylic acid (MAA). Solid particles

were obtained. This result strongly suggests that the interfacial RAFTminiemulsion

polymerization overcomes not only the kinetic but also the thermodynamic barriers

to form well-defined core–shell structures. Hollow nanoparticles were obtained

after removing the liquid core material by displacing it with tetrahydrofuran

(THF) and drying the resulting dispersion.

Although not targeting nanocapsules, Jiang and colleagues employed a similar

strategy to obtain shell-crosslinked nanoparticles using RAFT in miniemulsion

[41]. Poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) was first synthe-

sized by RAFT polymerization using CDPA as controlling agent. The presence of

a long alkyl Z group in CDPA probably helped the resulting PDMAEMA-SC(¼S)

SC12H25 to be surface-active and to co-stabilize, together with cetyl trimethy-

lammonium bromide (CTAB), a miniemulsion of styrene and

bis-acryloyloxyethyl disulfide (BAEDS) as crosslinking comonomer. However, in

this study, cyclohexane was used only as hydrophobe and, thus, in quantities lower

than required for it to act as a liquid core material. The authors claimed that shell-

crosslinked nanoparticles were successfully obtained after initiating the polymer-

ization with AIBN, without clearly stating why the crosslinking reaction only

occurred in the shell.

ATRP has also been employed to design nanocapsules using miniemulsion

polymerization [42]. The strategy was again based on the design of amphiphilic

block copolymers that could be reactivated, in this case for the miniemulsion

polymerization of an n-butyl methacrylate (BMA) dispersed phase. The positioning

of these block copolymers at the surface of the monomer droplets forced the growth

of the hydrophobic PBMA chains inwards, while the use of templating liquid

(anisole and HD) confined the chains to the monomer droplet–water interface.

The additional use of a crosslinker [either ethylene glycol dimethacrylate

(EGDMA) or bis(2-methacryloyloxyethyl)disulfide (DSDMA)] allowed

crosslinking of the polymer chains to generate shell-crosslinked nanocapsules.

The reactive stabilizers used in this system contained hydrophilic portions based

on poly(ethylene oxide) (PEO): one portion in which PEO formed the main

polymer chain, and one in which PEO formed the side chains. The latter was

produced by polymerizing a PEO-based methacrylate monomer (PEOMA) using

an azide-containing ATRP initiator, with the azide intended for post-

functionalization of the final nanocapsules. Chain extension of both these

PEO-based hydrophilic macroinitiators with BMA generated the reactive stabi-

lizers denoted PEO-b-PBMA-Cl (Mn¼ 12,000 g mol�1 and dispersity Ð¼ 1.15)

and N3-P(POEMA)-b-PBMA-Cl [43] (molar mass characteristics not mentioned).

Subsequent miniemulsion polymerization of BMA and the aforementioned

crosslinkers using AGET ATRP produced several types of multifunctional
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capsules, including degradable nanocapsules to which probes or other polymers

could be clicked, courtesy of their azide functionalities (Fig. 1).

3.2 Inverse Miniemulsion

The success of the RAFT-confined interfacial miniemulsion polymerizations

described in the previous section was transposed to inverse miniemulsions with

the aim of expanding the range of nanocapsules that could be synthesized. Lu

et al. were the first in this pursuit, designing thermosensitive nanocapsules using a

PEO-SC(¼S)S-C12H25 trithiocarbonate as controlling agent [44]. N-Isopropyl-
acrylamide (NIPAM) as hydrophilic monomer was mixed with water as templating

liquid, PEO-SC(¼S)S-C12H25 as reactive stabilizer, VA044 as initiator, and

Na2SO4 as co-stabilizer. With the help of a nonionic commercial surfactant

(B246SF from Uniquema), this solution formed a stable miniemulsion in cyclo-

hexane, which was polymerized to form nanocapsules. Molar mass characterization

of the polymer chains constituting these capsules confirmed successful chain

extension of PEO-SC(¼S)S-C12H25 with NIPAM under RAFT control. The same

experiment was also conducted in the absence of PEO-SC(¼S)S-C12H25. Trans-

mission electron microscopy (TEM) of the nano-objects produced in the two

experiments showed that only the PEO-SC(¼S)S-C12H25 system induced inter-

facial miniemulsion polymerization to produce nanocapsules (Fig. 2). Dynamic light

Fig. 1 Preparation of polymeric nanocapsules in miniemulsion using AGET ATRP and a mixture

of dual and monofunctional reactive surfactants. Reproduced from [43] with permission from the

American Chemical Society
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scattering (DLS) measurements performed at temperatures below and above the

lower critical solution temperature of poly(N-isopropylacrylamide) (PNIPAM)

demonstrated the thermosensitivity of the nanocapsules.

Wang et al. [45] demonstrated the versatility of the active stabilizer

PDMAEMA-SC(¼S)S-C12H25 used in their previous work [41] by employing it

for the inverse miniemulsion polymerization of MAA and BAEDS (crosslinker) in

cyclohexane to produce hydrophilic shell-crosslinked nanocapsules. Ammonium

persulfate, MAA, and PDMAEMA-SC(¼S)S-C12H25 dissolved in water were

added to a continuous phase composed of cyclohexane, Span 80 as surfactant,

and BAEDS as cleavable crosslinking comonomer. A stable miniemulsion was

obtained after sonication, and polymerization generated shell-crosslinked

nanocapsules. It is very interesting that successful crosslinking was achieved

even when the crosslinker did not reside with the MAAmonomer in the hydrophilic

dispersed phase. This was made possible by the confinement of the PDMAEMA-SC

(¼S)S-C12H25 reactive stabilizers at the interface, which meant that the propagating

species were generated very close to the interface and could therefore react with

both MAA units from the water phase and crosslinker units from the continuous

phase.

Utama et al. [46] recently proposed an alternative strategy for the preparation of

nanocapsules using RAFT polymerization in an inverse miniemulsion system. In

this approach, dispersed aqueous droplets (with RAFT-based active stabilizers at

their interface) simply acted as templates, and chain extension (with hydrophobic

monomers and crosslinkers contained in the surrounding continuous phase) yielded

the nanocapsules. More specifically, methyl methacrylate (MMA) [46] or styrene

[47], crosslinker (EGDMA or DVB, respectively), and initiator (AIBN) were

dissolved in a toluene continuous phase. Water droplets containing sodium chloride

as lipophobe were formed in these toluene solutions and stabilized with RAFT-

synthesized poly[N-2-(hydroxypropyl methacrylamide)]-block-poly(methyl meth-

acrylate) (PHPMA-b-PMMA) or PHPMA-b-PS block copolymers, where the

PHPMA segment is hydrophilic. The subsequent polymerization was confined to

Fig. 2 TEM images of the latex obtained after (a) RAFT interfacial inverse miniemulsion

polymerization of NIPAM and (b) free radical inverse miniemulsion polymerization of NIPAM.

Reproduced from [44] with permission from the American Chemical Society
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the periphery of the water droplets, generating the nanocapsules. The styrene

system (which attained 17% conversion in 24 h) was complicated by some coales-

cence and solid particle formation [47]. In the case of MMA [46, 47], conversion

reached 51% in 7 h without any noticeable change in turbidity or viscosity,

implying that the features of the original miniemulsion were preserved. Conver-

sions higher than 51% led to an increase in viscosity associated with the onset of

interparticle crosslinking. A good correlation between the starting water droplet

size (170 nm) and the final capsules size (220 nm), observed by DLS, was as

expected for a miniemulsion polymerization process. The desired shell-crosslinked

hollow nanoparticles were clearly revealed by TEM (Fig. 3), confirming the

effectiveness of the synthetic strategy. The successful encapsulation of bovine

serum albumin in the aqueous core and its subsequent release were also demon-

strated, with no detrimental denaturation of the protein occurring during the

synthesis.

This novel strategy, named inverse miniemulsion periphery polymerization

(IMEPP), based on previous works of Wang and colleagues [48], is a valuable

one-pot alternative to the nanocapsule syntheses described earlier. One of its

significant advantages is the location of the RAFT functionality at the periphery

of the final objects, which can be taken advantage of to perform further functional-

ization. This was evaluated when the same authors targeted pH-responsive

nanocapsules by IMEPP [49].

3.3 Vesicle-Templated Controlled Radical Polymerization:
An Alternative to Miniemulsion

Colloidal templating is an alternative route for the synthesis of nanocapsules and

one in which CRP also plays a pivotal role. The technique involves electrostatic

deposition of charged RAFT polymers onto vesicles (which display the opposite

Fig. 3 TEM images of hollow nanoparticles synthesized via RAFT inverse miniemulsion peri-

phery polymerization of MMA and EGDMA. Reproduced from [46] with permission from the

Royal Society of Chemistry
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charge), followed by emulsion polymerization to generate a hydrophobic polymer

shell (Fig. 4). This approach, first reported by Ali et al. [50], is conceptually

identical to Hawkett’s strategy for encapsulating charged inorganic particles [51],

as described in Sect. 4.2.

Ali et al. [50] investigated the adsorption of P(AA-co-BA) obtained by dibenzyl
trithiocarbonate (DBTTC)-mediated RAFT copolymerization onto cationic vesi-

cles formed from the double-chain cationic surfactant dimethyldioctadecyl ammo-

nium bromide (DODAB). To obtain large unilamellar vesicles, a membrane

extrusion method was employed, giving vesicles of around 130 nm. Three nega-

tively charged copolymers with varying AA/BA compositions (9:6, 10:3, 4:6) were

then adsorbed onto the positively charged vesicles. A careful study using zeta

potential measurements and size analyses showed that the adsorption can be

controlled in the range above the charge inversion of the starting vesicles.

Encapsulations were performed by starve–feed emulsion polymerization of a

MMA/BA monomer mixture (molar ratio of 10:1). Polymerization commenced at

the vesicle surface, courtesy of the active RAFT end groups of the adsorbed

polymer chains, generating a hydrophobic polymer shell. The strategy was

extended to the design of pH-responsive polymeric capsules by incorporating a

crosslinker (EGDMA, 3–10 mol%) into the MMA/tert-butyl acrylate (t-BA) mono-

mer feed [52]. The high stability of the crosslinked nanocapsules was confirmed by

surfactant lysis experiments using Triton X-100, a nonionic surfactant known for its

excellent membrane destabilizing properties, using turbidity measurements.

Increasing the crosslinker content in the monomer feed led to polymer segregation

(as shown by TEM in Fig. 5d, left) rather than a uniform polymer shell. A high

concentration of crosslinker increased the likelihood of forming highly branched

polymer at a very early stage of the polymerization, restricting the diffusion of both

the polymer chains and the monomer on the polymerization locus. Selective

cleavage of the tert-butyl ester groups in the final nanocapsules using anhydrous

trifluoroacetic acid (TFA) in dioxane converted the t-BA units to AA units,

Fig. 4 Synthesis of vesicle-templated nanocapsules by aqueous starve–feed emulsion polymer-

ization using RAFT copolymers as stabilizers. Reproduced from [50] with permission from the

American Chemical Society
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affording pH-responsive particles with smoother surfaces than the pristine

nanocapsules (as shown by TEM in Fig. 5, right). The pH responsiveness of these

capsules was demonstrated by their swelling or contraction upon variation of the pH

value.

4 Synthesis of Polymer/Inorganic Composite Particles

(Mini)emulsion polymerizations have naturally emerged as methods of choice for

generating a broad range of composite organic/inorganic colloids that, depending

on the field of application, can be either used directly as dispersions or further

processed into films with improved mechanical, thermal, or barrier properties

compared with the corresponding films without an inorganic component. In this

regard, mastering the size, shape, and morphology of composite particles is key in

controlling the final material properties. In that respect, CRP appears to be a very

powerful tool for increasing the design range of such particles. Section 4.1 details

the most recent works relying on the use of CRP in miniemulsion polymerization

for the preparation of composite colloids; emulsion polymerization-based strategies

are described in Sect. 4.2. In many cases, CRP enables access to morphologies that

could not be attained using conventional free radical polymerization. CRP also

brings the additional advantage of carrying out emulsion polymerization in the

absence of a molecular surfactant that could have a detrimental effect on the

properties of the final material.

Fig. 5 Cryo-TEM micrographs of crosslinked nanocapsules. Left: Nanocapsules obtained by

encapsulating DODAB vesicles (obtained by extrusion through 100 nm pore size filters) using

RAFT copolymer P(BA6-co-AA9) and MMA:t-BA:EGDMA monomer at molar feed ratios of (a)

2:1:0.14, (b) 1:2:0.1, (c) 1:2:0.16, and (d) 1:2:0.33. Right: Crosslinked P(MMA-co-AA)
nanocapsules obtained after acid hydrolysis of the same four crosslinked P(MMA-co-t-BA)
nanocapsules shown on the left. Sample vitrification was performed at pH 7.2 in liquid ethane.

Reproduced from [52] with permission from the Royal Society of Chemistry
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4.1 Miniemulsion Polymerization Approaches

As mentioned in the “Introduction,” the intrinsic features of miniemulsions can be

taken advantage of for the incorporation of inorganic materials [14–17, 12, 18], the

success of the reaction relying on good dispersibility of the inorganic particles in

the monomer droplets before the beginning of the polymerization. Indeed, in most

cases, these particles typically tend to be hydrophilic, whereas the monomer

droplets (and later on the polymer particles) are hydrophobic, which prevents direct

interaction and makes pretreatment of their surface with compatibilizers

indispensible. CRP techniques can be efficient tools in the development of success-

ful miniemulsion polymerization approaches for the synthesis of polymer/inorganic

composite particles. Various strategies can be envisioned. The first strategy consists

in the modification of the inorganic particle, either with inactive hydrophobization

species or with molecules involved in the CRP process (i.e., immobilized mono-

mers or controlling agents). These surface-active particles can then be used in bulk

or solution polymerization to grow polymer chains from their surface. The resulting

polymer-decorated inorganics can then be used in miniemulsion polymerization. A

more straightforward method, however, consists in directly using the surface-active

particles (if organosoluble) in the miniemulsion process. These different

approaches have been explored using the main CRP techniques (i.e., NMP,

ATRP and RAFT) and are detailed in the following sections, arranged according

to the type of inorganic particle used.

4.1.1 Silica

NMP, (AGET) ATRP, and RAFT have all been used for the synthesis of silica-

based composite latexes. Bailly et al. [53] were the first to report the use of CRP to

grow PS chains from the surface of 80 nm silica particles previously modified by

the adsorption of an alkoxyamine derived from N-tert-butyl-N-
[1-diethylphosphono-(2,2-dimethylpropyldimethylpropyl)] nitroxide (SG1). The

obtained PS-covered silica particles were then efficiently dispersed in styrene

droplets to yield silica/PS core–shell particles after miniemulsion NMP. In a later

experiment, Bombalski et al. successfully implemented AGET ATRP for the

miniemulsion polymerization of BA droplets containing 20 nm silica particles

modified by 1-(chlorodimethylsilyl)propyl 2-bromoisobutyrate [54]. Hereby,

CuBr2 and the amino ligand bis(2-pyridylmethyl)octadecylamine were first mixed

with silica and BA to generate the Cu(II) complexes. After addition of Brij

98 (surfactant), HD (costabilizer), and water, the miniemulsion was generated by

sonication. Ascorbic acid (reducing agent) was added to start the polymerization. A

conversion of 70% was reached in 20 h, providing a stable latex composed of

composite particles with diameters of approximately 220 nm, each one incorporat-

ing an average of 75 silica particles. Control of polymerization was satisfactory,

with a relatively good agreement between theoretical and experimental molar
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masses indicating high initiation efficiency. Atomic force microscopy (AFM) of the

hybrid particles after drying and re-dispersing in THF showed formation of the

expected silica/poly(n-butyl acrylate) (PBA) core–shell particles (Fig. 6). Com-

pared with the analog bulk experiment, the miniemulsion process allowed the

preparation of such hybrid materials with a higher yield (because of a higher

conversion) and a higher polymerization rate, without the macroscopic gelation

associated with interparticle coupling that is usually observed in bulk

polymerizations.

In both the NMP and the AGET ATRP studies, CRP was used to grow polymer

chains from the silica surface and thus to provide good compatibility of these

modified particles with the monomer phase for subsequent miniemulsion polymer-

ization. In the next example describing the formation of silica/PMMA composite

particles by RAFT-mediated miniemulsion polymerization [55], the pursued strat-

egy was different. After modification of the silica surface with a polymerizable

silane (3-methacryloxypropyl trimethoxysilane), MMA miniemulsion polymer-

ization was performed in the presence of an organosoluble trithiocarbonate RAFT

agent, namely 2-{[(tert-butylsulfanyl)carbonothioyl]sulfanyl} propanoic acid. The

good agreement between theoretical and experimental molar masses and the low

dispersities indicated good control of the polymerization. Increasing the silica

content led to decreased monomer conversions (and consequently to lower molar

masses). Despite thermal analyses indicating the positive effects of silica on the

thermal stability of the formed nanocomposites, TEM images did not clearly show

the final particle morphologies. Not even the presence of silica particles could be

proven with this method. The very same study was then performed without pre-

ceding surface modification of the silica [56]. The overall conclusions were basi-

cally the same. The authors mentioned in this second work that the silica

nanoparticles were possibly located at the PMMA particle–water interface, but

without providing clear explanations. In both studies, there was no comment on

the initial state of the systems that could clarify whether the polymerization actually

proceeded according to a miniemulsion process.

Fig. 6 AFM image of

silica/PBA nanoparticles

prepared by AGET ATRP

in miniemulsion. The

hybrid nanoparticles were

collected by re-dispersing

the dried miniemulsion

samples in THF before

subjecting the dispersion to

AFM characterization.

Reproduced from [54] with

permission from the

American Chemical Society
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4.1.2 Montmorillonite

Following an NMP-based approach similar to that used by Bailly et al. for silica

[53], Mičušı́k et al. [57] prepared montmorillonite (MMT)/P(BA-co-MMA) com-

posite latexes (Fig. 7). A cationic macroalkoxyamine based on vinylbenzyl

trimethylammonium chloride (VBTMACl), MMA, and styrene [P(VBTMACl-co-
MMA7-co-S4); N

+M in Fig. 7] was prepared using the BlocBuilder alkoxyamine,

and then exchanged with the sodium cations of MMT (C–N+M in Fig. 7). Copoly-

merization of BA and MMA was then performed in bulk in the presence of the

modified MMT with a limited control over the molar masses, nevertheless leading

to the formation of exfoliated clay sheets decorated with polymer chains. This

polymer/clay composite was then dispersed in BA/MMA droplets using stearyl

acrylate as a hydrophobe and Dowfax 2A1 (alkyldiphenyloxide disulfonate) as a

surfactant. Miniemulsion polymerization was then initiated by addition of KPS,

yielding a stable latex able to form nanocomposite films that incorporated exfoli-

ated clay platelets and showed improved adhesive properties compared with the

neat polymer. In comparison, the use of MMT that had been only modified by the

cationic macroalkoxyamine and without prepolymerization did not lead to a stable

latex, showing the crucial role of the grafted P(BA-co-MMA) chains in ensuring a

good dispersibility and compatibility of MMT with the polymer matrix.

Khezri et al. [58] used AGET ATRP to prepare P(S-co-MMA)/MMT

nanocomposites. The commercial organomodified MMT was dispersed in mono-

mer droplets with a diameter of approximately 200 nm. The system also contained

Fig. 7 Synthesis of MMT/P(BA-co-MMA) composite latexes. (a) Synthetic procedure followed

to produce waterborne acrylic/clay nanocomposites. (b) Chemical structure of the macroinitiator

containing a quaternary ammonium salt (N+M) used to modify Na–MMT. (c) TEM images of a

film prepared with P(BA-co-MMA)/C–N+M masterbatch and KPS. Reproduced from [57] with

permission from Elsevier
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ethyl α-bromoisobutyrate (EBiB), the ligand 4,40-dinonyl-2,20-bipyridine (dNbPy),
CuBr2, HD, and CTAB as the stabilizer (less temperature-sensitive than the com-

monly used Brij 98). The polymerization was started by addition of ascorbic acid

and led to the formation of polymer/MMT composite particles. Increasing the

amount of clay (from 0 to 2 wt%) induced a decrease in both conversion and

molar masses and yielded broader molar mass distributions. According to the

authors, this could be ascribed to the partitioning of CuBr2 (deactivator) between

the different phases and a high concentration of ascorbic acid. In addition, the clay

platelets could also hinder diffusion of the monomer, initiator, and metal complex,

and promote irreversible chain transfer and termination reactions. Nevertheless, the

presence of clay improved the thermal stability of the nanocomposites. Exfoliated

platelets were found well dispersed in the polymer matrix. In a very similar study

conducted by the same authors using reverse ATRP [59], comparable nano-

composites were obtained. The strategy was later repeated for styrene with reverse

ATRP [60], and for MMA with SR&NI ATRP [61]. The same team also prepared

P(S-co-BA)/MMT composite latexes by both miniemulsion AGET ATRP [62] and

miniemulsion reverse ATRP [63]. On the whole, they noticed the same effect of

clay content on conversion, molar masses, and thermal stability, even if the clay

sheets were in some cases only partially delaminated as a result of the lower molar

masses of the polymer chains [62]. A deeper kinetic and mechanistic investigation

of this AGET ATRP system was later reported [64]. It is worth noting that, in all

these works, ATRP was used to grow polymer chains in the vicinity of the MMT

platelets but not from their surface, because the platelets did not carry any func-

tionalities that could participate in the ATRP process.

The first report on the use of the RAFT technique for the preparation of

composite latexes in a miniemulsion system can be attributed to Samakande

et al., who described the encapsulation of MMT clay inside PS [65] or P(S-co-
BA) [66] particles. Similar observations were made for both systems, in which

MMT platelets modified with anchored cationic (ammonium bromide-type) RAFT

agents (dithiobenzoate or trithiocarbonate, respectively) were readily dispersed in

the monomer droplets. SDS and HD were used to stabilize the system and AIBN

used as initiator. Monomer conversion decreased with increasing clay loading. As

expected, as a result of the compartmentalization effect, the conversion was sys-

tematically higher than that obtained in analogous bulk experiments [67]. Although

control over the molar masses of the produced polymers was reasonably good in

both systems, the trithiocarbonate-based system provided better polymerization

control. Molar masses and dispersities both decreased as the amount of clay

increased, as a result of the higher concentration of RAFT agent. The discrepancy

between theoretical and experimental molar masses was attributed to the lower

controlling ability of anchored RAFT agents compared with RAFT agents in

solution. The sizes of the droplets were not reported, but the diameter of the final

clay-loaded particles increased with the amount of clay. The platelets could only be

visualized with conventional TEM after being embedded in an epoxy resin. Small-

angle X-ray scattering (SAXS) analyses also confirmed their presence. The platelets

showed a partially exfoliated morphology that evolved into an intercalated
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morphology as the clay loading increased, in accordance with the simultaneously

growing molar masses of the polymer chains. The thermo-mechanical properties of

the resulting nanocomposites depended on the molar masses and dispersities of the

polymer chains, the clay loading, and the platelet morphology (i.e., partially

exfoliated versus intercalated).

4.1.3 Quantum Dots

A system similar to that developed for silica by Bombalski et al. [54] (see above)

was used by Esteves et al. [68] to form cadmium sulfide (CdS) quantum dot (QD)/

PBA composite particles by miniemulsion AGET ATRP (Fig. 8, left). The QDs

were first functionalized with trialkylphosphine ligand molecules carrying chlorine-

based ATRP initiator groups. This step slightly affected the size and, consequently,

the optical properties of the QDs. After 24 h of miniemulsion polymerization, a

stable latex was obtained. The size of the resulting latex particles was not men-

tioned, but the diameter of the core–shell QD/PBA particles observed by AFM after

dispersion in THF was estimated to be close to 100 nm. Good control over the

growth of the PBA chains was achieved. This approach allowed preservation of the

optical properties of the QDs by avoiding the use of conventional radical initiators,
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Fig. 8 Synthesis of QD/polymer composite latexes. Synthetic procedures followed to produce

either (left) QD/PBA latexes through AGET ATRP in miniemulsion [68] (tapping-mode AFM
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which can lead to extensive degradation of QDs. Following on from this study,

Esteves et al. [69] prepared CdS or CdSe QD/PS nanocomposites using the RAFT

technique (Fig. 8, right). The QD surface was first functionalized with a trialkyl-

phosphine oxide bearing the RAFT-active 4-cyano-4-(thio-benzoylsulfanyl)

pentanoic acid moieties. The resulting hydrophobic nanoparticles could be well

dispersed in styrene. Miniemulsion polymerization resulted in the formation of

QD-tagged PS particles (along with an unquantified, but minor fraction of free PS

particles). The QDs, encapsulated in the PS particles as small clusters, preserved

their optical properties (except for a slight blue shift of the onset of the absorption

signal), proving that the integrity of the nanocrystals had been maintained.

4.1.4 Magnetic Nanoparticles

Despite the widespread interest in the synthesis of magnetic polymer latexes,

Chakraborty et al. have recently been the first to report a RAFT-mediated

miniemulsion polymerization approach [70] (Fig. 9) involving magnetic

nanoparticles (MNPs) of iron oxide. In addition, their study was also the first

work describing the use of amphiphilic ionic liquids (1-N-alkyl-3-methyl-

imidazolium bromide-type) as surfactants. In spite of the known incompatibility

of oleic acid (OA) and PS, OA-coated MNPs were used in this study. The employ-

ment of these MNPs in a conventional miniemulsion polymerization systematically

led to phase separation between PS and the MNPs inside the particles (Janus-type

morphology, Fig. 9b), mostly accompanied by low stability of the resulting latexes

and formation of empty PS particles. Capitalizing on the known affinity of carbox-

ylic acid groups for the surface of MNPs, another series of miniemulsion experi-

ments was then undertaken using an organosoluble symmetrical trithiocarbonate

RAFT agent that carried carboxylic acid groups, 2,20-[carbonothiobis(thio)]bis
(2-methylpropionic acid). Fine tuning of the molar ratio of AIBN and the RAFT

agent and varying the final conversion allowed the formation of relatively stable PS

particles incorporating up to 27 wt% (with respect to polymer) of MNPs, which

imparted their special magnetic properties to the composite products (saturation

magnetizationMs of 16.6 emu g�1 for the sample with the highest value). The molar

ratio of AIBN and RAFT agent also strongly impacted the final particle morpho-

logy, which was either a homogeneous distribution of the MNPs within the PS

particles (Fig. 9c) or a Janus-type morphology (Fig. 9d). In all cases, no empty PS

particles were found. The synthesis of magnetic composite particles was also

recently reported by Gu et al. [71]. Taking advantage of their recent Fe(0)-mediated

RAFT technique [72], crosslinked P(MMA-co-EGDMA) particles incorporating Fe

(0) nanoparticles were obtained. The magnetic properties of the final particles were,

however, only very weak (Ms lower than 0.1 emu g�1).
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4.1.5 Graphite Oxide

In another study that should be included here, PS particles containing graphite

oxide (GO) sheets were prepared via RAFT-mediated miniemulsion polymer-

ization [73]. As a matter of fact, GO is technically not an inorganic compound,

but its encapsulation involves concepts similar to those described above. The

carboxyl-group-bearing RAFT agent dodecyl isobutyric acid trithiocarbonate

(DIBTC) was first attached to the GO sheets via the esterification reaction to their

hydroxyl groups. To enable dispersion of the GO-DIBTC nanoplatelets in styrene

and the formation of stable miniemulsions, several experimental steps were required:

(i) dispersion of DIBTC-decorated GO in water under sonication; (ii) addition of

styrene, AIBN, and HD followed by stirring and sonication of the mixture; and (iii)

addition of an aqueous solution of sodium dodecylbenzene sulfonate (SDBS)

followed by stirring and sonication of the mixture. Different miniemulsion

Fig. 9 Synthesis of PS particles containing magnetic iron oxide nanoparticles via polymerization

in a miniemulsion system stabilized by amphiphilic ionic liquids. (a) Different accessible morpho-

logies and the corresponding synthesis pathways. (b) TEM image of the particles formed using

conventional miniemulsion polymerization. (c) TEM image of the particles obtained by RAFT-

mediated miniemulsion polymerization, showing homogeneous distribution of the MNPs within

the PS particles. (d) TEM image of the particles obtained by RAFT-mediated miniemulsion

polymerization with a significantly higher amount of initiator, leading to an anisotropic distri-

bution of MNPs (Janus-like morphology). Reproduced from [70] with permission from the

American Chemical Society
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polymerizations were then performed using various amounts of DIBTC-covered GO

(up to 7 wt% per monomer). Stable latexes were obtained, the particle diameter

increasing with the GO content from 125 to 160 nm (as measured by DLS). As

expected, an increase in the grafting density of DIBTC on the GO (i.e., an increasing

RAFT agent concentration) led to lower molar masses of the resulting polymer

chains, with narrower distributions. The GO sheets could not be visualized directly

via TEM of the obtained particles but could be identified after embedding the dried

latex in an epoxy resin. Most of the graphite nanoplatelets were of exfoliated

morphology, with a few intercalated nanosheets. This structure was additionally

confirmed by X-ray diffraction measurements. In the final analyses, the GO/PS

nanocomposites showed enhanced mechanical properties and thermal stability com-

pared with neat PS.

4.2 Emulsion Polymerization Approaches

Emulsion polymerization has several advantages over miniemulsion polymeriza-

tion. In particular, it requires neither any energy-consuming high shear devices to

create the miniemulsion droplets nor the presence of additional additives such as

hydrophobic costabilizers. Among the most important features of emulsion poly-

merization is the ability to control the particle morphology (e.g., formation of core–

shell particles and other equilibrium morphologies) by successive addition of

different monomers in the presence of preformed organic or inorganic particles.

In the last 20 years, there has been an increasing interest in the synthesis of

polymeric/inorganic materials by emulsion polymerization and the reader is

referred to a number of recent comprehensive reviews [5–7].

As mentioned in the “Introduction,” physical or chemical methods can be

employed to encapsulate inorganic particles in emulsion polymerization. Although

the chemical approach has been successful in a number of cases, it frequently

entails inherent experimental problems such as loss of colloidal stability, formation

of secondary nucleated particles devoid of inorganic component, incomplete encapsu-

lation of the inorganic particles accompanied by the formation of hemispherical

or other anisotropic structures, and lack of reproducibility. In addition, this strategy

often requires time-consuming chemical modification of the particle surfaces,

which does not always lead to the desired morphology. With recent developments

in the field of CRP techniques in aqueous media, new approaches for obtaining

hybrid latexes with different particle morphologies have been made feasible,

opening up new and promising pathways for the synthesis of colloidal nano-

composites. An overview of these methods is given in the following sections.

It should be noted that, of the various CRP techniques, RAFT-mediated processes

have been almost exclusively reported until now, with the exception of one example

involving NMP.
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4.2.1 MacroRAFT-Assisted Encapsulating Emulsion Polymerization

In the last two decades, CRP techniques have been extensively used to generate a

large variety of organic/inorganic hybrid morphologies such as Janus, core–corona,

and core–shell nanoparticles as well as several types of anisotropic particles. This

could be achieved using grafting-from, grafting-to, or self-assembly techniques

[74–78]. These techniques usually involve surface modification (by covalent

linking or via physisorption) of preformed inorganic particles with copolymers

(synthesized by CRP) in organic solvents, and subsequent solvent evaporation or

solvent displacement to recover the hybrid particles prior to their application (for

which water-based systems are often needed). However, since January 2000, the

use of volatile organic compounds has been severely restricted by law and coating

formulators are progressively switching from solvent-borne processes or products

to safer waterborne alternatives. In parallel, striking progress has been made in the

development of CRP in dispersed systems and an extensive range of monomers can

now be polymerized using CRP methods in aqueous systems. Controlled and well-

defined polymer particles can thus be obtained [79]. Taking advantage of these

advances, the implementation of CRP in emulsion polymerization has been devel-

oped as an innovative route for the generation of a variety of organic/inorganic

composite particles [80]. Among them, core–shell particles where the core is an

inorganic particle and the shell is composed of a polymer have attracted particular

attention [81]. The shell can protect the core from extraneous physical or chemical

changes and can enhance the compatibility between the inorganic filler and the

polymer matrix. Alternatively, the core could be an organic pigment. Core–shell

particles are currently of interest for a wide variety of applications, including

emulsion paints, optics, and various biological applications.

The first reports of macroRAFT-assisted encapsulating emulsion polymerization

(REEP) were published almost simultaneously by Nguyen et al. [51] and Daigle

et al. [82]. These authors developed a simple and versatile method allowing the

efficient encapsulation of both organic and inorganic particulate materials via free-

radical polymerization in aqueous dispersed media. In short, the method uses living

amphiphilic random copolymers, which can adsorb on the core particles and lead

the emulsion polymerization to occur at their surface (as illustrated schematically in

Fig. 10). These copolymers are synthesized via RAFT polymerization and thus

possess a RAFT functionality on one extremity, which is able to be reactivated for

the polymerization of hydrophobic monomers. In addition, the relatively high

hydrophilicity of the macroRAFT agent provides stability for the aqueous disper-

sion of nanoparticles before the polymerization, and contributes to the stability of

the final encapsulated particles. The overall process involves two steps:

(i) macroRAFT agent adsorption on the surface of the inorganic particles in

aqueous suspensions, and (ii) emulsion polymerization of hydrophobic monomers

in batch or under starve–feed conditions, whereby the macroRAFT-functionalized

particles act as seeds for the nucleation process. The presence of the living copoly-

mers on the particle surface facilitates rapid transfer of hydrophobic polymer
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growth between the chains, allowing homogeneous growth over the entire particle

surface. The orderly extension of each polymer chain results in an even build-up of

the polymer, which forms a layer surrounding the particles and leads to their

encapsulation.

Nguyen et al. [51] first applied this strategy to encapsulate both hydrophilic

(zirconia- and alumina-coated titanium dioxide) and hydrophobic (phthalocyanine

blue) pigments with poly(methyl methacrylate-co-n-butyl acrylate), P(MMA-co-
BA). The particulate materials were first mixed with short-chain random copoly-

mers composed of AA and BA (Mn lower than 2,000 g mol�1), which readily

adsorbed on their surface. Encapsulation polymerization was then performed at

70�C by slowly feeding the dispersed system with the hydrophobic monomers using

4,40-azobis(4-cyanopentanoic acid) (ACPA) as a water-soluble initiator. The pH

value and the copolymer composition were optimized to promote macroRAFT

adsorption: the higher the hydrophobicity of the macroRAFT agent and the lower

the pH value, the better the interaction with the particle surface. At the same time,

the BA units were incorporated into the polymer chains to increase the affinity of

the hydrophobic monomer molecules for the particle environment, which was a key

requirement for efficient encapsulation. Lastly, the random nature of the copolymer

prevented the macroRAFT (co)polymers from self-assembling into micelles, which

would have inevitably led to the unwanted formation of new particles via micellar

nucleation. As shown in Fig. 11, a very uniform encapsulation was achieved for

both substrates. As expected, there was only a minor fraction of free secondary

particles and the entire amount of pigment introduced was encapsulated.

Unexpectedly, careful examination of the events taking place in water revealed

that despite the presence of a high initial amount of free non-adsorbing macroRAFT

agent and a constant supply of monomer and free radicals, only a small fraction of

the macroRAFT agent (�19 %) participated in the chain extension process. In other

words, the macroRAFT agent could only add hydrophobic monomers when

adsorbed onto the surface of the pigment. Growth of the labile macroRAFT

copolymer remaining in the aqueous phase was comparatively less favored. SEC

analyses performed on the polymer chains formed during the encapsulation reac-

tion, after selective dissolution of the polymer in a mixture of THF and TFA to

remove the inorganic part, showed good control of the polymerization (Ð ranging
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Fig. 10 MacroRAFT-assisted encapsulating emulsion polymerization (REEP) technique.

Reproduced from [51] with permission from the American Chemical Society
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from 1.2 to 1.7 and good agreement between theoretical and experimentalMn), with

better control being attained at low conversions. As shown in [82], the formation of

very well-defined diblock copolymers is, in many cases. not mandatory for suc-

cessful encapsulation. It is therefore clear that the key feature of this technique is

not necessarily the use of CRP as a tool to precisely control the molar masses of the

produced polymers, but instead the main merit of the CRP process is the fact that

the living polymer chains can be reactivated during the emulsion polymerization.

In the same period, Daigle et al. reported a similar approach for encapsulation of

a range of inorganic compounds such as oxides (BaTiO3, TiO2 [rutile and anatase],

Al2O3, CuO, ZrO2), metals (Zn, Mo), and nitrides (Si3N4) employing SDS as an

additional surfactant [82]. Unlike Nguyen and coworkers, the authors used a

macroRAFT agent composed purely of AA units. In addition, the monomer (styrene

and/or BA) was introduced at the beginning of the reaction while a solution of

initiator was fed over 4 h. Although, as stated above, low hydrophobicity of the

macroRAFT agent is unfavorable according to Nguyen et al., TEM analysis showed

the successful formation of a thin polymer shell around the inorganic particles, with

an absence of aggregation. Concurrently, polymer particles devoid of inorganic

cores were also formed. This new population of particles probably originated from

the self-assembly of block copolymers formed in the water phase via chain exten-

sion of the free macroRAFT agent and secondary nucleation. The success of

encapsulation was attributed to the large amount of inorganic particles (20 wt%)

and to the strong macroRAFT adsorption, leading to very slow exchange between

the adsorbed and free polymer chains, enabling the efficient growth of polymer

chains at the particle surface. Indeed, while the adsorbed polymer is growing, it

becomes more and more hydrophobic, which favors shell formation. In contrast, the

free polymer becomes amphiphilic and eventually segregates into a second popu-

lation of particles. According to the authors, however, macroRAFT agents

displaying only weak adsorption also become more and more hydrophobic upon

chain extension, and the situation is therefore analogous to the case of strong

adsorption. In contrast to the results of Nguyen et al. [51], SEC analyses of the

soluble polymer in THF indicated only a poor level of control, which supports the

Fig. 11 TEM images of encapsulated (a) TiO2 and (b) phthalocyanine pigment particles with P

(MMA-co-BA) shell using P(AA10-co-BA5) and P(AA5-co-BA5) macroRAFT agents as disper-

sants, respectively. Reprinted from [51] with permission from the American Chemical Society
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idea that the key role of the RAFT agent is its provision of many active sites for

re-initiation of chain growth, with its ability to control the polymerization being less

important.

The REEP strategy was further expanded to the encapsulation of cadmium

sulfide (CdS) [83] and lead sulfide (PbS) [84] QDs, still in the presence of SDS.

The CdS particles were first dispersed in an aqueous solution of PAA or P(AA-co-
BA) macroRAFT agents with the help of ultrasound at pH 6 and mixed with styrene

and surfactant. The polymerization was then conducted by slowly feeding an

initiator solution at 80�C over 4 h and stirring for another 2 h. In accordance with

the earlier work of Nguyen et al. [51], successful encapsulation was only achieved

when the randommacroRAFT copolymer was employed. However, in this case, the

composite particles contained a large number of aggregated QDs instead of a

single-particle core. Because the CdS particles had not aggregated after

macroRAFT adsorption, this was attributed to the small particle size and the large

number of encapsulated QDs formed in the early stages of the polymerization.

These core–shell particles would be colloidally unstable and therefore agglomerate

to larger particles. PbS particles were encapsulated in a similar manner. Depending

on monomer, dispersant, and PbS concentration, particles containing a single core

(for low PbS concentrations) or multiple cores (for higher PbS concentrations) were

successfully obtained.

With the aim of forming anisotropic polymer/inorganic composite latex particles

and controlling the orientation of the inorganic filler within the polymer film

formed after deposition, Ali et al. used Gibbsite clay sheets as a model for

platelet-like colloidal substrates [85]. Gibbsite platelets were coated with P

(AA-co-BA) macroRAFT agents similar to those used by Nguyen and colleagues

by dropwise addition of the Gibbsite suspension to the macroRAFT solution at pH

7 until charge inversion was reached. For the polymerization experiments, the

amount of macroRAFT agent was then kept at almost twice the isoelectric-point

concentration to ensure that a sufficient amount of RAFT copolymer was present in

the aqueous phase to adsorb onto the growing surface during encapsulation, pro-

viding the required stabilization. As mentioned above for the earlier work of

Nguyen et al. [51], the random nature of the copolymers prevented them from

self-assembling in the aqueous phase at the beginning of the polymerization,

reducing the probability of secondary nucleation. However, the formation of a

second population of empty particles could not be fully avoided. The authors

noticed that raising the hydrophobicity of the macroRAFT copolymer by increasing

the number of BA units resulted in appreciable growth of polymer particles in the

aqueous phase, arguably as a result of the reduced solubility of the RAFT polymers,

which are more likely to cause secondary nucleation. On the contrary, a decreasing

BA content indeed resulted in more hydrophilic macroRAFT agents and a lower

fraction of secondary particles. However, the macroRAFT agent also exerts a lower

stabilizing effect on the Gibbsite particles, inevitably leading to a higher degree of

nanoparticle aggregation. The best compromise was found using a P(AA10-co-BA5)

macroRAFT agent. It is also worth mentioning the tremendous impact of the

monomer feed composition. Although core–shell particles with individual platelets
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evenly surrounded by a thin polymer shell were successfully obtained using a 10:1

(in weight) feed of MMA and BA (Fig. 12b), the use of a MMA to BA weight ratio

of 7:3 led to a loss of control over the platelet encapsulation, and additional armored

morphologies were obtained as a consequence. This morphological trend was

attributed to the increased hydrophobicity and higher chain mobility of the polymer

shell, possibly allowing migration of the inorganic particles to the polymer–water

interface to minimize interfacial energy. An even encapsulation is, however, crucial

for the envisaged application of the formation of polymer films incorporating

oriented platelets after deposition of the composite latex (Fig. 12a).

A similar approach was used by the same group to encapsulate MMT platelets

using cationic RAFT copolymers composed of randomly distributed BA and

quaternized units of 2-dimethylaminoethyl methacrylate (DMAEMA) and a

MMA:BA (10:1 weight ratio) monomer feed [86]. Despite the successful formation

of flat, cornflake-like composite particles, Brownian motion prevented them from

adopting a specific orientation after deposition on a substrate.

Inspired by the seminal work of Nguyen and coworkers, our group also reported

the successful encapsulation of cerium dioxide (CeO2) particles using the REEP

technique [87]. CeO2 possesses valuable properties such as catalytic oxidation

activity, UV light absorption, and high scratch resistance that make it an attractive

candidate for coating applications. As a result of the well-known affinity of

carboxylic acid groups for CeO2, a statistical macroRAFT copolymer composed

of 11 AA and 11 BA units [P(AA11-co-BA11);Mn¼ 25,000 g mol�1, Ð¼ 1.08] was

used. Adsorption was conducted by slowly adding the macroRAFT solution

(pH 6.5) to the CeO2 suspension (pH~ 2), which resulted in massive precipitation

of the CeO2 particles due to screening of the surface charges that originally ensured

the stability of the sol. Increasing the pH value to 8 in order to deprotonate the AA

units allowed redispersion of the CeO2 in the form of finitely sized clusters with

diameters of about 100 nm. Encapsulation was finally performed by slowly feeding

Fig. 12 (a) Expected orientation of the Gibbsite platelets in the formed films for different

composite latex morphologies, (b) Cryo-TEM image of the encapsulated Gibbsite particles with

a P(MMA-co-BA) (MMA:BA¼ 10:1 weight ratio) shell using a P(AA5-co-BA10) macroRAFT

agent. Reproduced from [85] with permission from the American Chemical Society
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a mixture of MMA and BA at 70�C using ACPA as water-soluble initiator. Cryo-

TEM showed the successful formation of a polymer shell around the CeO2

nanoclusters, resulting in complete encapsulation without any appreciable free

polymer particles (Fig. 13a). Similar to the work of Ali and coworkers, no encapsu-

lation was observed when BA replaced the MMA/BA mixture. This was attributed

to the higher surface energy and the lower Tg of the polymer shell driving the more

hydrophilic CeO2 nanoclusters towards the polymer–water interface (Fig. 13b).

The works of Zhong et al. [88] and Nguyen et al. [89] on the encapsulation of

carbon nanotubes using the REEP technique are also noteworthy. Zhong et al. used

various types of macroRAFT agents [i.e., PAA40, P(AA10-co-BA5), and P(AA3-co-
S3)], which all enabled successful encapsulation of single-wall and multiwall

carbon nanotubes upon chain extension with MMA or styrene, despite their poor

affinity for the nanotube surface. The carbon nanotubes were coated with a thin and

regular polymer shell, forming kinetically trapped morphologies as long as the

monomer feed rate was maintained sufficiently low to avoid formation of phase-

separated domains. To increase the adsorption efficiency of the negatively charged

macroRAFT agent, Nguyen and coworkers introduced positive groups on the

nanotube surface using poly(allylamine hydrochloride) (PAH) as cationic polyelec-

trolyte. Subsequent adsorption of poly(4-vinylbenzenesulfonic acid-co-BA) RAFT
copolymer on the surface of the cationic nanotubes and chain extension with

MMA/BA (10:1 weight ratio) resulted in a uniform polymer coating with complete

coverage (including the tips), provided that the amount of PAH introduced in the

first step was sufficiently large. Varying the amount of monomer introduced during

the reaction enabled control of the shell thickness from a few nanometers to several

tens of nanometers.

The potential of the REEP technique goes beyond the encapsulation of organic

or inorganic particulate materials and includes the design of more elaborate systems

such as the synthesis of TiO2/polymer hybrid “nanorattles” [90]. In this work, TiO2

pigments were first encapsulated in a water-swellable polymer shell composed of

MMA, BA, and MAA using a poly(4-vinylbenzenesulfonic acid-co-AA-co-BA)
macroRAFT agent at a low pH value (pH~4). The shell was subsequently coated

Fig. 13 Cryo-TEM images of composite latex particles obtained after emulsion polymerization

of (a) MMA:BA (50:50 weight ratio) and (b) BA in the presence of CeO2 nanoclusters coated with

a P(AA11-co-BA11) macroRAFT agent. Reproduced from [87] with permission from the

Royal Society of Chemistry
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with a hard hydrophobic layer. Hybrid nanorattles were then produced by swelling

the hydrophilic layer in a basic solution at elevated temperatures, followed by

crosslinking of the outer polymer shell to consolidate the hollow morphology and

withstand the compressive forces that develop during the drying step (Fig. 14). Air

voids were shown to be controlled by the swelling time, temperature, and thickness

of the hydrophilic polymer layer. The final TiO2-filled hollow spheres are expected

to be more efficient opacifiers than either traditional or encapsulated titanium

dioxide pigments and could find applications in both the paper and architectural

coatings market.

As described above, many parameters in the REEP process can influence the

particle morphology, such as the pH of the suspension, the feeding process (batch or

semi-batch), and the macroRAFT agent and hydrophobic monomer compositions.

In some cases, the inorganic particles are not encapsulated and different morpho-

logies are formed. For instance, Garnier et al. [91] attempted to encapsulate

nanoceria into poly(styrene-co-methyl acrylate), P(S-co-MA), latex particles

using P(AA-co-BA) RAFT copolymers similar to those used by Ali et al. [85] for

the encapsulation of Gibbsite platelets. However, the presence of adsorbed citric

acid on the nanoceria particle surface limited macroRAFT adsorption and

prevented effective encapsulation. Instead, the CeO2 particles were located on the

latex surface (Fig. 15a). The use of a sulfonated macroRAFT agent with the aim of

increasing latex stability and decreasing latex particle size did not result in hybrid

particles at all, with the nanoceria instead remaining free in solution (Fig. 15b)

[92]. This was attributed to the poor affinity of this macroRAFT agent for the CeO2

surface, again highlighting the importance of the surface properties of the

macroRAFT-coated inorganic particles in determining hybrid particle morphology.

The work of Warnant et al. [93] on the synthesis of CeO2/poly(vinylidene chloride-

co-methyl acrylate) hybrid latexes mediated by a phosphonated poly(vinylbenzyl-

phosphonic acid-co-styrene) RAFT copolymer also highlights this effect. Cryo-
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Fig. 14 (a) Nanorattle synthesis using amphiphilic macroRAFT copolymers as stabilizers.

(b) TEM of nanorattles formed after swelling at pH 11 and 95�C and crosslinking of the

outer shell. Reproduced from [90] with permission from Wiley InterScience
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TEM showed composite particles decorated by several ceria particles, which were

once again located at the polymer–water interface in an armored morphology.

The transposition of CRP techniques from homogeneous systems to aqueous

dispersed media, particularly ab initio emulsion polymerization, is not straight-

forward because of partitioning of the controlling agent between the different phases,

leading to transport issues from the droplets to the polymerization sites. Such issues

are generally circumvented by using the polymerization-induced self-assembly

(PISA) technique. However, there are still situations where the PISA process strug-

gles to achieve a good level of control, notably when using PEO-based macroRAFT

agents as the hydrophilic block. Indeed, the latter are still hydrophobic enough to

partition to some extent to the monomer phase, resulting in poor colloidal stability,

low reaction rates, and high molar mass dispersities.

With the aim of designing polymer/clay hybrid latexes, a novel strategy for well-

controlled RAFT ab initio emulsion polymerization of styrene with PEO-based

macroRAFT agents was developed by Rodrigues Guimarães et al. [94] in which

Laponite clay platelets were used to “support” the controlling agents. Adsorption

isotherms exhibited Langmuir-type profiles, indicating high affinity of the

macroRAFT agent for the clay surface. Immobilization of the macroRAFT agent

on the clay surface minimized its partitioning between the monomer droplets and

the water phase during the subsequent polymerization. Immobilization significantly

improved the latex colloidal stability and the living character of the polymerization.

The best level of control was achieved for intermediate macroRAFT concentrations

(Fig. 16a), which were high enough to promote colloidal stability of the latex

particles while avoiding any partitioning of free non-adsorbing macroRAFT

agent. The resulting composite particles exhibited an armored morphology

(with the Laponite clay sheets located at the particle surface), with embedded

PEO domains originating from heterocoagulation of the self-assembled block

Fig. 15 Cryo-TEM images of the CeO2/P(S-co-MA) hybrid latexes obtained employing (a) P

(BA7.5-co-AA10), and (b) P(BA7.2-co-AMPS7.6) macroRAFT copolymers. Reprinted with permis-

sion from [91] and [92]. Copyright 2012 Wiley-VCH and Copyright 2013 Elsevier Inc,

respectively
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copolymers formed in the aqueous phase with the copolymers nucleated on the

Laponite clay discs (Fig. 16b).

4.2.2 Synthesis of Organic/Inorganic Hybrid Particles by Nitroxide-

Mediated Emulsion Polymerization

Although most CRP-mediated syntheses of colloidal nanocomposites use RAFT

polymerization to control the polymer architecture and particle morphology, NMP

has also been successfully employed for the same purpose. As reviewed elsewhere,

NMP has been successfully conducted in aqueous dispersed media for the PISA

technique (which was pioneered using RAFT polymerization) [79]. NMP is less

versatile than RAFT polymerization in terms of monomer choice because it is

generally incompatible with methacrylates [95] except when some specific

nitroxides are employed [96]. However, the applicability of NMP has been

expanded to methacrylate systems through a technique developed by Charleux

et al. [97], in which a small amount of styrene is added to the monomer feed

when preparing the macroalkoxyamine. This enhances the reversible deactivation

process and forms stable alkoxyamines.

Qiao et al. [98] recently exploited this approach to synthesize water-soluble P

(PEOMA-co-S)-SG1 brush-type macroalkoxyamine initiators, which were

adsorbed onto colloidal silica and subsequently used to initiate the growth of

BMA in aqueous emulsion and form sterically stabilized self-assembled block

copolymers. The resulting particle morphology was shown to be pH-sensitive,

which was interpreted in terms of a salting-out effect induced by the concomitant

increase in ionic strength upon neutralization of the alkoxyamine initiator. In a
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Fig. 16 (a) Evolution of the size-exclusion chromatograms with monomer conversion (SEC THF,

PS calibration) showing the good control of the polymerization. (b) TEM image of an ultrathin

cross-section of epoxy-embedded Laponite/PS composite latex particles synthesized by

macroRAFT-mediated ab initio emulsion polymerization of styrene. Reproduced from [94] with

permission from the Royal Society of Chemistry
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subsequent work, these PEO-based macroalkoxyamine initiators were adsorbed

onto colloidal silica and chain-extended with BMA in ab initio emulsion polymer-

ization. This resulted for the very first time in the formation of multipod-like silica/

self-assembled block copolymer hybrid particles with dumbbell-, raspberry-, and

daisy-shaped morphologies, depending on the silica particle size and macroinitiator

concentration [99] (see Fig. 17).

This example and the previous examples of RAFT-mediated polymerization

highlight the great potential of aqueous CRP emulsion polymerization techniques

for the synthesis of organic/inorganic colloids of controllable shape, morphology,

and surface functionality, thus opening the door to microstructured particles and

coatings with great promise in many areas of materials science.

5 Conclusions

Emulsion polymerization systems are powerful, industrially relevant tools for the

production of polymeric latexes. Although not yet widely transposed to industry,

controlled radical polymerization in dispersed media should confer even greater

flexibility to these systems. Although the primary aim in the initial application of

CRP to dispersed media was control over molar masses in latexes, the recent

developments discussed in this review focus on the ability to recommence the

polymerization process from specific interfaces, either a liquid–liquid interface or

the surface of added (inorganic) particles. This is permitted by the ability of CRP to

precisely tailor the affinity of preformed polymers for the desired interface, and to

resume polymerization from the retained mediating groups. Confining the CRP to

the interface combines the advantages offered by both CRP and heterogeneous

polymerization systems, providing elegant pathways to new colloidal structures and
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Fig. 17 Synthesis of multipod-like silica/polymer particles by NMP-mediated polymerization-

induced self-assembly (PISA) of block copolymers by means of a PEO-based brush-type

macroalkoxyamine initiator previously adsorbed at the surface of colloidal silica nanoparticles.

Reproduced from [99] with permission from the American Chemical Society
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morphologies. We have highlighted examples showing the innovative synthesis of

nanocapsules by incorporating an inert “templating liquid” in the dispersed mono-

mer phase, which is retained as a removable particle core after chain extension of

the stabilizing polymers at the interface. Other original strategies in which dis-

persed aqueous droplets or vesicles are used as templates for nanocapsule synthesis

have also been discussed. In addition, significant advances in the integration of

different types of inorganic particles into latexes facilitated by CRP polymers

adsorbed onto the inorganic surfaces have been highlighted. Along with the capa-

bility to chain-extend, the precisely controlled composition of CRP polymers is key

to their affinity for the inorganic surfaces in both aqueous miniemulsion and

emulsion systems. We can envisage continual refinement of these systems to

overcome some of the challenges in attaining pure populations of the desired

nanocapsule structures and polymer/inorganic nanoparticle morphologies. We

expect that some of the exotic structures (e.g., “nanorattles”) already produced

will inspire the development of even more sophisticated motifs for new functional

material applications.
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Post-polymerization Modification

of Surface-Bound Polymers

Hanju Jo and Patrick Theato

Abstract Surfaces that have been intricately functionalized with reactive polymers

have attracted scientific attention recently because of their potential use in a broad

range of applications. Polymers containing chemically reactive functional groups

can be utilized for subsequent modification of various surfaces. Reactive polymeric

surfaces can be produced by surface-initiated polymerization, such as atom transfer

radical polymerization, nitroxide-mediated polymerization, and ring-opening

metathesis polymerization. Such surfaces can subsequently undergo post-

polymerization modification to alter their physicochemical properties. Post-

polymerization modification has a number of advantages, including the fact that

diverse polymer structures are rapidly accessible without individual synthesis;

polymerization of new functional monomers can produce a variety of surfaces

and interfaces; and other materials can be easily modified, which would be difficult

using conventional direct polymerization. In addition, the libraries of chemical

reactions and materials that can be used in post-polymerization modifications are

abundant. Therefore, post-polymerization modification opens up new platforms for

the facile and versatile modification of various surfaces. This chapter focuses on a

discussion of post-polymerization modification of various surface-bound polymers,

from planar surfaces to three-dimensional objects, and on the extended applications

of the reactive surfaces.
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1 Introduction

Surface-initiated polymerization has been developed as a compelling method for

modification of a broad range of surfaces with the desired polymer brushes and can

be used in many applications, such as nonbiofouling surfaces, antibacterial coat-

ings, and stimuli-responsive surfaces [1–3]. Reactive polymeric surfaces can be

produced by surface-initiated polymerization, such as atom transfer radical poly-

merization (ATRP), nitroxide-mediated polymerization (NMP), and ring-opening

metathesis polymerization (ROMP) [4–12]. Such surfaces can subsequently

undergo post-polymerization modification to alter their physicochemical properties

[13–16]. The formation of polymer brushes on surfaces can be achieved either by

physical deposition of a thin film (physisorption) or by covalent attachment (chem-

isorption) [17, 18]. In physisorbed polymers, only weak intermolecular forces exist

between the polymer brushes and the substrate; therefore, complications such as

dewetting, delamination, or desorption can occur. In contrast, covalently attached

polymer brushes provide enhanced stability, which is necessary for subsequent

post-polymerization modification. Covalently attached polymer brushes can be

formed in two ways: The “grafting-to” approach involves synthesizing a polymer

that has a reactive functional group at one end of the chain, which reacts with a

complementary functional group on the surface. The “grafting-from” approach

involves direct polymerization from an immobilized initiator on the surface [19–

21]. Both methods have various benefits [22], especially the “grafting-from”

approach, which results in a high grafting density and a high volume of functional

groups, enabling effective post-polymerization modification [23, 24].

Conventional polymerizations require specific conditions (e.g., organic solvents,

UV light, or high temperature) that affect the reactive functionalities. However,

post-polymerization modification using polymers with sophisticated chemical
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reactive groups can be used to avoid these problems [25]. To conduct a post-

polymerization modification of a reactive polymer, a monomer containing a reac-

tive group is first polymerized from a surface-immobilized initiator. Then, a

functional group, usually a small molecule, that is complementary to the reactive

group of the polymer chain is covalently attached to the polymer brush. The range

of chemical reactions and materials that can be involved in the post-polymerization

modification is extremely broad. As common reactions, thiol–ene/yne addition

[26], activated ester coupling [2, 16, 27], ring opening reactions of succinic

anhydrides and azlactones [28–31], Michael addition [32], and Cu(I)-catalyzed

alkyne–azide [2 + 3] cycloadditions (CuAACs) [33] have been intensively studied,

among others. Details of all post-polymerization modification reactions are not

covered in this chapter and the reader is invited to refer to the numerous reviews on

this topic [18]. Instead, selected reactions that have been applied to surface mod-

ifications are discussed in detail in the following sections. Note that post-

polymerization modifications have been conducted on diverse surfaces, ranging

from simple planar surfaces to highly complex surfaces. The following sections

introduce post-polymerization modification of various surface-bound polymers and

are organized according to the type of surface.

2 Post-polymerization Modifications on Planar Surfaces

2.1 Reactive Polymer Brushes

Surface-initiated controlled radical polymerization techniques have been inten-

sively used to generate polymer brushes because of their precise control over the

growth of brushes (i.e., their thickness and grafting density) [4, 12, 34]. Controlled

radical polymerizations, including ATRP and NMP, as well as ROMP reactions

[4–11, 35] have been mostly utilized. All of these controlled polymerizations allow

the polymerization of functionalized monomers (i.e., those featuring a reactive

epoxide, azide, azlactone, isocyanate, active ester, or alkyne) from the surface

[36–46]. Gopalan and coworkers, for instance, reported the surface-initiated

ATRP of 2-vinyl-4,4-dimethylazlactone (VDMA) on silicon surfaces with a silane

initiator. The resulting polymer brushes were post-modified with aminated proteins

[40]. In similar studies, N-hydroxysuccinimide 4-vinyl benzoate (NHS4VB) was

polymerized via surface-initiated ATRP by Locklin and coworkers [46]. In a

subsequent step, the poly(NHS4VB) brushes were post-modified with primary

amines.

Polymers containing activated ester functional groups have also been frequently

employed for post-polymerization modifications [47–49]. Poly(pentafluorophenyl

methacrylate) (PPFPMA) is a particularly attractive activated ester polymer

because it has a high reactivity towards amines, hydrolytic stability, and good

solubility in a variety of common organic solvents [50, 51]. Moreover, the
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corresponding monomer, pentafluorophenyl methacrylate (PFPMA) can easily be

prepared with high yields via a one-step reaction [52]. Using PFPMA or

pentafluorophenyl acrylate (PFPA), the groups of Klok and Theato prepared acti-

vated ester-containing polymer brushes via direct polymerization or via reversible

addition–fragmentation chain transfer polymerization (RAFT), respectively [53–

55], and investigated the feasibility and versatility of these polymer brushes during

post-polymerization modification with various amines [47]. With primary amines,

post-polymerization modification proceeded with quantitative conversion, unlike

with secondary amines. The modified surfaces showed different film thicknesses

and water contact angles, depending on the amine used.

Mostly, post-polymerization modifications were conducted on the “grafting-

from” surfaces as mentioned above; however, in some cases, immobilization of

the initiator and subsequent polymerization of the desired monomers was not

possible. Theato and coworkers introduced an alternative, yet convenient, method

for fabrication of reactive polymer brushes on surfaces by simply spin-coating a

precursor hybrid reactive copolymer. For this purpose, poly

(methylsilsesquioxane)–poly(pentafluorophenyl acrylate) (PMSSQ-PPFPA) hybrid

polymers were comprehensively investigated by the group [56, 57]. PMSSQ-

PPFPA hybrid polymers were synthesized by RAFT polymerization using a

PMSSQ-based inorganic chain transfer agent. Polymer films could then be formed

on various substrates, such as silicon, glass, gold, PMMA, PDMS, and steel by

either spin- or dip-coating, followed by a short thermal annealing step (Fig. 1)

[49]. Subsequently, these crosslinked polymer films were dipped into solutions of a

particular amine to functionalize the polymer brush films. As an example, the

converted amine-functionalized films showed changes in surface wettability

towards either hydrophilic or hydrophobic behavior, depending on the amine

used. In addition, films based on the common temperature-responsive polymer

poly(N-isopropyl acrylamide) (PNIPAM) were easily produced by modification

of PMSSQ-PPFPA films with isopropylamine. The obtained temperature-

responsive films showed a switching of the contact angle induced by the lower

critical solution temperature (LCST) of PNIPAM [58, 59].

Furthermore, a study of light-reactive surface coatings based on PMSSQ-PPFPA

hybrid polymers was also conducted by Theato’s group. The PMSSQ-PPFPA films

were converted to photoswitchable films featuring photochromic moieties such as

Fig. 1 Fabrication of poly(pentafluorophenyl acrylate) (PPFPA) polymer thin films
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N-salicylidene aniline or spiropyran [48]. The salicylidene aniline group isomerizes

from the enol form into the keto form under UV irradiation, and spiropyran

isomerizes by ring-opening reaction into a zwitterionic merocyanine structure,

resulting in a strong change in the dipole moment, consequently influencing the

surface wetting properties [60–65]. Amino-functionalized spiropyrans and

azobenzenes were also synthesized and used to functionalize PMSSQ-PPFPA

films [66]. The surface of PMSSQ-PPFPA films could be successfully modified in

a short time, and reversible changes in color and water contact angle were observed,

which could be altered by switching the wavelength of the light irradiating the

surfaces (Fig. 2). Moreover, a significant difference in the water contact angles was

realized for the two isomeric states.

2.2 Reactive Layer-by-Layer Assembly of Thin Polymer
Multilayers

The layer-by-layer (LbL) assembly of charged polyelectrolytes has been inten-

sively investigated for the design of new materials and functional interfaces [67,

68]. Conventional polyelectrolyte multilayers can be fabricated by stepwise and

alternating deposition of oppositely charged polymers on a substrate. The method is

technically straightforward and inexpensive; however, the LbL assembly of

charged polyelectrolytes only involves weak intramolecular interactions within

the ionically crosslinked multilayers. To improve the system, Lynn and coworkers

developed “reactive” LbL assembly of thin polymer multilayers containing

azlactones [67, 69–73]. Azlactone-functionalized polymers can react with polymers

containing primary amines through ring-opening reactions [70]. Consequently,

Fig. 2 Reaction for the fabrication of photoswitchable surface coatings
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reactive LbL assembly leads to the formation of covalently crosslinked multilayers

and induces robustness against organic solvents.

The group of Lynn focused mostly on films constituted of poly(2-vinyl-4,4-

dimethylazlactone) (PVDMA) and poly(ethylene imine) (PEI) for reactive LbL

assembly [3, 74–82]. On a variety of surfaces, such as silicon/glass substrates and

other topographically more complex surfaces (e.g., hair, paper, cotton, thread, and

commercial wound dressings), reactive LbL assembly of PEI and PVDMA was

conducted. First, branched or linear PEI was adsorbed onto the desired substrate,

followed by immersion of the substrate in a solution of the azlactone-containing

polymer (Fig. 3a). Repetition of the process produced covalently crosslinked

multilayers. Furthermore, the post-polymerization modification proceeded by treat-

ment of residual azlactone functionality exposed on top of the surface with primary

amine-containing nucleophiles (Fig. 3b). Both flat LbL thin films and covalently

crosslinked and amine-reactive hollow microcapsules were fabricated by reactive

LbL assembly [82]. Branched PEI and PVDMA were adsorbed alternately on the

surfaces of calcium carbonate or glass microparticle templates. Elimination of the

calcium carbonate or glass microparticle sacrificial core resulted in the formation of

amine-reactive microcapsules. These microcapsules were used for encapsulation of

a model macromolecule (FITC-dextran) and were stable for at least 22 h under

several critical conditions.

Covalent LbL assembly based on click chemistry, especially CuAAC, has also

been exploited comprehensively [83–95]. Caruso and coworkers built up covalently

crosslinked multilayers on silicon, quartz, or gold-coated substrates by alkyne- and

azide-functionalized poly(acrylic acid) (PAA) copolymers [83]. The results showed

Fig. 3 “Reactive” layer-by-layer assembly (a) and subsequent chemical functionalization (b) of

polymer multilayers fabricated using azlactone-functionalized polymers. (a) Branched poly(eth-

ylene imine) is first adsorbed onto a substrate followed by treatment with a solution of an

azlactone-containing polymer. Repetition of this process results in layer-by-layer buildup of

covalently crosslinked multilayers containing residual azlactone functionality. (b) A broad range

of surface functionality can be imparted to the films post-fabrication by treatment of residual

azlactone functionality with primary amine-containing nucleophiles. Reproduced with permission

from Buck et al. [75]. Copyright 2012 Royal Society of Chemistry
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that linear film growth was found during assembly and that these covalently

crosslinked PAA-based films were physically stable under varying solution condi-

tions (e.g., salt concentration, pH). Several other groups also investigated the azide/

alkyne coupling reactions for covalent LbL assembly. Chance and coworkers

reported the fabrication of covalently crosslinked multilayers using azide- and

alkyne-functionalized poly(N-isopropylacrylamide) (PNIPAM) derivatives [87],

and Boulmedais and coworkers used bifunctionalized poly(ethylene glycol)

(PEG) spacer and azide- or alkyne-modified PAA for their experiments [90]. Cova-

lently bonded LbL multifunctional thin films based on activated esters were also

investigated by the group of Theato [96]. Poly(pentafluorophenyl-4-vinylbenzoate)

(PPFPVB) or PFPA were used to fabricate LbL multilayer films with poly(allyl

amine) (PAAm). Activated ester side groups formed amide bonds with amine

groups in PAAm, and stable covalently bonded LbL layers were obtained during

the LbL deposition. Subsequently, the activated ester groups remaining inside the

LbL polymer film or as the outermost layer were functionalized with fluorescent

dyes, 5-[(2-aminoethyl)amino]naphthalene-1-sulfonic acid (EDANS) or poly

(allylamine hydrochloride) labeled with Rhodamine B isothiocyanate (PAH-rho),

respectively, which was documented by taking fluorescence images. Furthermore,

surface patterning was conducted using microcontact printing with PAH-rho,

followed by functionalization with EDANS during post-treatment of the whole

film. Note that the LbL films could be separated from the substrate under mild

acidic conditions, resulting in free-standing films that showed excellent

physiochemical stability and functionality. These films could be useful for devel-

opment of flexible and multifunctional thin films for various chemical and biolog-

ical applications.

2.3 Complex Reactive Surfaces

Post-polymerization modification of reactive polymer films provides the possibility

to design complex coatings associated with intricate structure and morphology [1,

4, 97, 98]. Using a simple procedure, two or more types of chemical functionalities

can be applied onto substrates that are contained in covalently grafted polymer

films. Multifunctional surfaces can be fabricated by sequential click reactions or

simultaneous multiple click reactions in one-pot. “Click-like” reactions such as

thiol-based additions, activated ester coupling, and azide–alkyne cycloadditions are

those most used for post-polymerization modification, because these reactions yield

orthogonal reactive polymer brushes rapidly and quantitatively [17].

Locklin and coworkers have intensively researched post-polymerization modi-

fication via click chemistry for the design of complex surfaces [41, 99–106]. The

patterning of polymer-grafted planar surfaces was carried out by consecutive

functionalization using the same click-type reaction or multiple click-type reac-

tions. One example is a spatially patterned polymer brush surface fabricated by the

combination of surface-initiated free-radical polymerization (SI-FRP) and
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sequential area-selective thiol–alkyne post-polymerization modification [102]. A

poly(propargyl methacrylate-trimethylsilane), poly(PgMA-TMS), brush was pre-

pared via surface-initiated photopolymerization. Subsequently, various commer-

cially available thiols were reacted with the brush via thiol–yne click reactions after

deprotection of the brush. To pattern the surfaces, a photomask was placed directly

on to the brush surface, and the first photo thiol–yne click reaction was conducted

with 3-mercaptopropionic acid (MPA) on the exposed area of poly(PgMA) brush.

Afterwards, the photomask was removed and the remaining area, which had been

previously protected by the photomask, was modified with 1-dodecanethiol (DDT)

to afford a micropatterned and multicomponent surface by the same click-type

reaction.

Trifunctional polymers containing azide, alkyne, and acyl ketene functional

groups, which can be used for further multiple click-type reactions, were reported

by Hawker and coworkers [105]. The crosslinked trifunctional polymer thin films

were patterned through stepwise thermal microcontact printing to address each of

the alkyne, azide, and acyl ketene functionalizations selectively [99, 105, 106]. The

polymer was synthesized by copolymerization of an acyl ketene styrenic precursor

with styrene, vinylbenzyl azide, and TMS-protected propargyloxy-styrene; the

alkyne was deprotected afterwards. The trifunctional polymer was then spin-coated

and thermally crosslinked. Fluorescent amine-containing dyes were printed on the

films in different patterns via stepwise microcontact printing to separately address

each of the click reactions. First, the line pattern of blue azido-coumarin dye was

printed and then the same pattern of green alkyne-perylene dye was printed in a

perpendicular direction. After the activation of ketene by heating the substrate to

Fig. 4 Trifunctional polymer films that were functionalized in a three-step process with blue,
green, and red dyes orthogonally using thermal microcontact printing. Reproduced with permis-

sion from Spruell et al. [105]. Copyright 2011 American Chemical Society
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150�C, red amine dye in a dot pattern was then printed on this substrate to produce

the trifunctional surface, as shown in Fig. 4.

Recently, a new one-pot dual functionalization method was reported by Locklin

and coworkers [101]. PPFPA was directly grafted to silicon oxide and the polymer

brush patterned via a reactive microcapillary printing method for a one-pot, self-

sorting, post-polymerization modification [10, 81, 100, 107]. A PDMS stamp was

placed onto the PPFPA film and 1 μL of an amine-containing dibenzocyclooctyne

(DIBO) derivative solution was dropped at one edge of the stamp. As a result of

capillary force, the solution was sucked into the channels and reacted with the

exposed area of the PPFPA surface. After elimination of the stamp, the substrate

was dipped into a solution containing an azido-Texas Red dye and an amino-

fluorescein dye for a one-pot reaction. The results showed that a self-sorting

reaction proceeded in one-pot. The surface-bound DIBO moieties formed a triazole

with azido-Texas Red dye through strain-promoted alkyne–azide cycloaddition,

and the PPFPA underwent aminolysis with the amino-fluorescein dye. The fluores-

cence images of patterned surfaces showed high-fidelity patterns without cross-

contamination.

3 Post-polymerization Modifications on Hollow Surfaces

3.1 Polymeric Monolithic Columns

In situ post-polymerization modification of monolithic columns has been developed

for a decade and such columns are commonly used as scavenger resins [108–

111]. Macroporous monoliths are amenable to flow-through processes and can be

used as reactive filters to remove specific reagents [112–115]. Tripp and coworkers

reported the fabrication of reactive polymeric monoliths grafted with PVDMA by

surface-initiated polymerization of VDMA (Fig. 5) [101, 113]. These azlactone-

functionalized monoliths were able to scavenge ~75% of primary amine nucleo-

philes and ~90% of secondary amines. Fontaine and coworkers have also reported

the preparation of azlactone-functionalized polymer columns for reactive filtration

and nucleophile scavenging [112, 115–117]. VDMA was polymerized via ATRP

and the resulting PVDMA scavenged benzylamine effectively.

Various click chemistries, building the foundation for most post-polymerization

modifications, have also been applied for fabrication of reactive porous polymer

monoliths [118–125]. Click reactions include alkyne–azide, thiol–ene, and thiol–

yne reactions, and these reactions can be conducted under mild conditions, unlike

many other polymer graft reactions. Svec and coworkers used the thiol–ene reaction

to functionalize porous polymer monoliths [121]. Monoliths were thiolated with

cysteamine, followed by cleavage of the disulfide bonds using tri(2-carboxylethyl)

phosphine to expose the desired thiol groups. Then, lauryl methacrylate monomers

were clicked onto the monoliths using either heat or UV initiation. Thiol–yne and
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CuAAC reactions were also utilized to achieve reactive porous polymer monoliths

[8, 124]. Zhang and coworkers produced poly(glycidyl methacrylate-co-
divinylbenzene), poly(GMA-co-DVB), and poly(vinylbenzyl chloride-co-
divinylbenzene), (poly(VBC-co-DVB), monoliths to provide the reactive sites for

click chemistry [29]. 1-Decyne was clicked via the CuAAC reaction.

The reactive porous polymer monoliths can be used as bioreactors to immobilize

specific enzymes, proteins, and DNA [29, 126–135]. Svec, Frechet and colleagues

reported a patterned polymer monolith column containing reactive vinylazlactone,

which reacts with amines, through post-polymerization modification [130]. The

Fig. 5 Preparation of polymeric monoliths by surface-initiated polymerization of 2-vinyl-4,4-

dimethylazlactone (VDMA) and post-polymerization modification with amines
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patterned region with vinylazlactone could spatially immobilize a variety of

enzymes that include a reactive amine group.

In a joint study, the groups of Theato and Cameron fabricated highly porous

polymers incorporating activated esters via the high internal phase emulsions

(HIPEs) technique [18, 136]. PolyHIPEs were prepared by photopolymerization

of HIPEs containing PFPA in the monomer phase. The resulting PFPA-polyHIPEs

featured high porosity and well-defined pore morphology, with average diameters

of 30–50 μm. It is worth noting that PFPA-polyHIPEs containing reactive groups

were prepared without using surface-initiated polymerization. The PFP groups

within the polyHIPEs were post-functionalized with different amines, such as

tris-(2-aminoethyl)amine, benzylamine, and Rhodamine 123, and the complete

modification was confirmed by 19F NMR spectroscopy.

3.2 Cellulosic Honeycomb Films

Bioactive paper has recently attracted attention as a new field with applications in

global issues such as scarcity of food and water safety [137, 138]. The fabrication of

inexpensive bioactive packaging, assays, and sensors is urgently required for these

issues. Cellulose, the most abundant biopolymer, is a superior candidate for fabri-

cation of bioactive papers because of its biocompatibility and the accumulated

knowledge about the material. Cellulose has been used as an ideal support material

for bioactive systems, which utilize the pores of the cellulosic matrix to entrap

biomolecules [139–143]. The internal surface of pores can be chemically modified,

and the functionalized surfaces offer a high selectivity and reactivity for molecular

recognition of pathogens.

Kadla and coworkers recently prepared micropatterned honeycomb films with

ordered pore structures using an amphiphilic regioselective cellulose derivative,

3-O-poly(ethylene glycol)-2,6-di-O-thexyldimethylsilyl (3-N3EG-2,6-TDMS) cel-

lulose [144]. As a further demonstration, the site-specific functionalization of

cellulosic micropatterned films through post-polymerization modification was

conducted [145]. The CuAAC reaction was chosen because of its reproducibility

and high degree of specificity. In addition, the azide–alkyne cycloaddition is

adaptable to water; therefore, it is suitable for a variety of in vivo and in vitro

applications [146–149]. The azide-functionalized cellulosic honeycomb films were

produced by the simple “breath-figure” method and immersed in a solution of

alkynated biotin. The alkynated biotin was covalently linked with 3-N3EG-2,6-

TDMS cellulose via CuAAC, and the successful reaction was proven by ATR-FTIR

(Fig. 6). The results indicate that this concept has great potential for the develop-

ment of biosensors in the future.
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3.3 Alumina Hybrid Membranes

Anodized aluminum oxide (AAO) membranes, which have well-ordered hexago-

nally packed pores on the surface, have been extensively used for a variety of

applications because of their considerable internal surface area that is ideal for

sensing, recognition, and the controlled release of biologically relevant molecules

[150]. The pore dimensions can be easily tuned by the anodization conditions.

Furthermore, the facile fabrication of various length scales of membranes with

diameters from 20 to 200 nm and length up to several hundred micrometers extends

the range of fields in which they can be applied. The surface properties of porous

AAO can be modified with appropriate molecules, providing a chance to control the

hydrophilicity/hydrophobicity, surface charge, and selectivity of AAO membranes.

So far, most studies of surface modification of porous AAO membranes have

been conducted using silanization, with organosilane compounds covalently bound

to the oxide surfaces of AAO membranes. Organosilanes on AAO surfaces can be

used to immobilize polymers, proteins, and other molecules for additional

functionalization [151, 152].

Polymer brushes can be grafted onto the pore wall of porous AAOmembranes to

improve the binding capacity, stability, and selectivity of the membranes. To

initiate radical polymerization on the wall, surfaces need to be modified with an

appropriate initiator or chain-transfer agent. Generally, a chlorosilane- or

alkoxysilane-modified initiator/chain-transfer agent is used; however, the use of

silanes requires anhydrous reaction conditions, which can be restrictive in some

cases. Therefore, Klok and coworkers utilized catechol as an alternative anchoring

moiety for surface-initiated polymerization [153]. The advantage of catechol-based

initiators is that they can be immobilized in aqueous solution, without the need for

Fig. 6 Synthetic scheme for reaction of 3-N3EG-2,6-TDMS cellulose via Cu-catalyzed [2 + 3]

cycloaddition reaction
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extreme anhydrous conditions. ATRP initiators based on salicyclic acid, catechol,

phthalic acid, and m- and p-benzoic acid were immobilized on alumina membranes.

Hydrophilic poly(2-hydroxyethyl methacrylate) (PHEMA) and poly[poly(ethylene

glycol)methacrylate] (PPEGMA6) brushes were then grown on the resulting

initiator-modified alumina membranes. Interestingly, only polymer brushes derived

from salicylate or catechol initiators achieved comparable thicknesses of the

brushes, whereas initiators based on phthalic acid and benzoic acid resulted in

thin brushes or no brush growth at all. Of the various ATRP initiators investigated

in this study, 2-bromoisobutyrate derivatives and the salicylate-based initiator

showed promising results; therefore, further polymerizations were conducted on

alumina membranes that had been functionalized with a 5-(2-bromo-2-methylpro-

panamido)-2-hydroxybenzoic acid initiator. After immobilization of the initiator,

PHEMA brushes were grown from the surface via ATRP. By post-polymerization

modification of the corresponding PHEMA brushes with succinic anhydride, a

pH-responsive carboxylic acid-functionalized brush was obtained on the internal

surface of the alumina membranes (Fig. 7). The water permeation of polymer-

brush-modified alumina hybrid membranes can be regulated by pH, which controls

the thickness of carboxylic acid-functionalized brushes by swelling/deswelling.

The results showed that the carboxylic acid-modified alumina membrane is strongly

pH-dependent and that the mass flux of water dramatically decreased under basic

conditions

4 Post-polymerization Modification of Nano-Objects

4.1 Reactive Polymeric Nanorods

Organic nano-objects such as rods, tubes, and wires have been widely applied in

many fields [154–159]. One of the most commonly used methods for fabrication of

organic nanostructures is the hard-template method using AAO templates [160–

163]. Porous AAO templates can be prepared by conventional two-step anodization

[164, 165], yielding pores of defined size that can be used as shape-defined molds

for infiltration of organic materials. The infiltration of desired monomers or

Fig. 7 Post-polymerization modification of poly(2-hydroxyethyl methacrylate) (PHEMA)-brush-

modified alumina membranes
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polymers into the pores can be achieved by template wetting with melts or solutions

of the correspondent materials or precursors. Martin and coworkers have inten-

sively investigated the template wetting technique for preparation of functional

nano-objects [166–171].

Theato and coworkers introduced a new route for the template-based fabrication

of reactive nanorods via post-polymerization modification using AAO membranes

as templates (Fig. 8) [172]. For template wetting, highly concentrated solutions

containing activated ester monomers, crosslinker, and initiator were prepared and

drop-casted onto the AAO templates. Activated ester monomers, in this casePFPA,

PFPMA, or PFPVB with proper crosslinkers, were infiltrated into the AAO pores

and crosslinked thermally or photochemically with azobisisobutyronitrile (AIBN)

or Lucirin TPO as initiators, respectively. Subsequently, the sacrificial AAO tem-

plate was etched with phosphoric acid to obtain the corresponding polymeric

nanorods, which were trapped in the AAO template. Note that the AAO template

removal must be conducted under acidic conditions and not basic conditions in

order to prevent hydrolysis of the ester. Bundles of activated ester polymeric

nanorods were successfully produced and subjected to subsequent post-

modification with amine-functionalized reagents. In particular, the activated ester

polymeric nanorods were modified with isopropylamine to generate temperature-

responsive PNIPAM nanorods, based on the fact that PNIPAM features a lower

critical solution temperature (LCST) in water.

It is well known that PNIPAM shows a reversible phase transition from a

swollen hydrated state to a collapsed dehydrated form, depending on whether the

temperature of the solution of PNIPAM is below or above its LCST. Optical

micrographs of fully converted PNIPAM nanorods confirmed that the nanorods

respond to temperature and that the transition is reversible (Fig. 9). These promising

results show that the reactive nanorods can be used in various applications, such as

drug delivery systems in which an efficient reversible phase transition is desired.

Fig. 8 Template-assisted fabrication of reactive nanorods and their post-functionalization.

Reproduced with permission from Haberkorn et al. [172]. Copyright 2011 Royal Society of

Chemistry
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4.2 Functionalized Nanoparticles

Nanocarriers have been intensively studied because of their superior properties,

such as accessible surface, interaction with cells and proteins, and higher mobility.

To improve the versatility of nanocarriers, many researchers have investigated

nano-objects, which possess an easily tunable architecture. One valuable approach

is the use of nanoparticles that can be tailored with polymer brushes for the design

of single-cored hybrid structures [173–180]. The desired polymer brushes can be

densely formed on the surface of nanoparticles using the “grafting-to” method to

achieve a brush–shell architecture.

As one example, Schmidt and coworkers reported single-cored hybrid magnetic

core–shell particles, which can be applied for bioseparation and catalysis [181]. The

activated ester-functionalized magnetic particles were fabricated by copolymeriza-

tion of succinimidyl methacrylate (SIMA) and oligo(ethylene glycol) methyl ether

methacrylate (OEGMA) via surface-initiated ATRP (Fig. 10). The ATRP initiator

used was [4-(chloromethyl)phenyl]-trimethoxysilane. Further modification with

trypsin was conducted to fabricate the magnetic biocatalysts [182]. Trypsin was

immobilized on the shell of poly(OEGMA-co-SIMA)15 magnetic nanoparticles and

used to cleave specific peptide bonds. The results showed that N-benzoyl-D,L-

Fig. 9 (a–c) Optical micrographs of a bundle of crosslinked poly(pentafluorophenyl acrylate)

(PPFPA) nanorods after conversion into poly(N-isopropyl acrylamide) (PNIPAM) nanorods,

showing reversible response to temperature. (d) Plot of the length variation (along the axis of

the nanorods) of PNIPAM nanorods dispersed in water versus temperature (heating rate

10�C min�1). (e) Temperature-dependent turbidity measurement curve of an aqueous dispersion

of PNIPAM nanorods. Reproduced with permission from Haberkorn et al. [172]. Copyright 2011

Royal Society of Chemistry
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arginine-4-nitroanilide was cleaved by the trypsin-mediated scission and that p-
nitroaniline was released.

Theato and coworkers reported functionalized gold nanoparticles (AuNPs) suit-

able for post-modification with amine. AuNPs were prepared by two-phase reduc-

tion in ethyl acetate and water. Various disulfides were used as stabilizing ligands

for the synthesis of AuNPs and, among the library of ligands, bis(6-hydroxyhexyl)

disulfide bis(2-bromoisobutyl) ester and bis(5-carboxypentyl) disulfide bis

(pentafluorophenyl) ester resulted in small, narrowly distributed AuNPs

[183]. Although AuNPs prepared from the bis(6-hydroxyhexyl) disulfide bis

(2-bromoisobutyl) ester allowed grafting-from ATRP, the use of bis

(5-carboxypentyl) disulfide bis(pentafluorophenyl) ester resulted in functional

AuNPs suitable for post-modification. Key to the successful installation of PFP

esters was the two-phase reduction method in ethyl acetate and water, which

allowed rapid reduction in water and immediate separation of the formed AuNPs

from the reduction media by transfer into the ethyl acetate phase. Amino

end-functionalized poly(ethylene oxide) (Mn¼ 550 g/mol) was grafted onto the

PFP ester-functionalized AuNPs. Successful grafting could be observed with the

naked eye by a complete transfer of the AuNPs from the organic phase into the

water phase. With the same method, benzophenone-stabilized gold nanoparticles

(Bph-AuNPs) were synthesized by employing a benzophenone-functionalized

disulfide [184]. Benzophenone allowed the functionalized AuNPs to react with

material containing C–H bonds, under the influence of UV irradiation. Using this

technique, polycarbonate–gold core–shell particles were easily prepared by

grafting polycarbonate onto AuNPs. Furthermore, Bph-AuNPs could be covalently

attached to alkylated silica microspheres or cellulose paper and used for photolith-

ographic surface patterning by selective UV irradiation.

Fig. 10 Synthesis of FeOx–P(OEGMA-co-SIMA) magnetic polymer brush particles by surface-

initiated ATRP. Reproduced with permission from Gelbrich et al. [181]. Copyright 2010 American

Chemical Society
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4.3 Functionalized Carbon Nanotubes

Carbon nanotubes (CNTs) have been functionalized frequently and have, for

example, found application in DNA detection. Detection of DNA hybridization

has received great attention for application in the diagnosis of pathogenic and

genetic diseases [185–187]. The rapid recognition of genes expressing a congenital

disease is highly demanded. The electrochemical sensing method has been

improved to monitor in situ hybridization of DNA in conjunction with various

biosensor techniques [188–199]. Nanostructured materials, such as quantum dots,

nanoparticles, nanowires, and CNTs have also been extensively researched for

biosensing [200–203]. As a new approach for rapid label-free DNA detection,

field-effect transistors based on semiconductor CNTs have been introduced [204–

207]. A specific DNA molecule can be bound on the surface of a single CNT

performing as a conducting channel in transistors, and this binding can perturb the

current flow, resulting in a change in the electronic characteristics.

Bokor and coworkers fabricated a CNT transistor array for label-free DNA

biosensors [208]. To support specific adsorption between CNTs and DNA, a

copolymer containing an activated ester functionality, poly[methyl methacrylate-

co-poly(ethyleneglycol)methyl methacrylate-co-N-succinimidyl methacrylate]

(abbreviated as NO6), was synthesized and electrostatically immobilized on the

CNT transistor array. N-Succinimidyl ester groups that composed one part of the

copolymer allowed the aminated single-strand DNA sequences to bind covalently

onto the surface of CNTs (Fig. 11). After the attachment of DNA, the hysteresis of

the Id–Vg curve was significantly increased as a result of the increase in the charge

traps on the CNTs. By measurement of the Id–Vg curve, DNA hybridization can be

easily and rapidly detected.

An alternative approach to functionalized CNTs is direct surface functiona-

lization of CNTs with reactive groups. For example, Theato and coworkers used

partly oxidized multiwall CNTs to install PFP esters on the surface, which could be

used for further surface functionalization or for use in the reactive LbL assembly of

multilayer polymer films. It is worth noting that the obtained thin films were

transparent and conductive, making them suitable candidates for solution-processed

transparent electrodes [209].

4.4 Functionalized Electrospun Polymer Fibers

Electrospinning is a versatile technique for the preparation of various nanofibers

with different morphologies [210]. Various synthetic methodologies, such as in situ

polymerization, surface modification, plasma-induced grafting, graft polymeriza-

tion, blending, and polymer–inorganic composite formation were used to produce

nanofibers suitable for numerous applications [211–216]. Recently, surface
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modification by grafting or interfacial polymerization of nanofibers has been

explored as a facile method for controlling surface properties.

Theato and coworkers reported a thiol–ene modification of electrospun polybu-

tadiene fibers [217]. A solution of polybutadiene rubber (BR) , in a tetrahydrofuran/

N,N-dimethylformamide solvent mixture containing photo-initiator and

crosslinker, was electrospun into a methanol solution containing 1% sodium chlo-

ride, with in situ UV irradiation to induce crosslinking. The resulting BR fibers were

collected from the methanol bath and washed to remove excess salt. Afterwards, the

BR fibers containing carbon double bonds were modified with 2-mercaptoethanol

or thioglycolic acid via thiol–ene click reaction. The contact angles of modified BR

fiber mats changed dramatically from 135� to 0� after modification, which con-

firmed that the modification was successfully conducted.

Fig. 11 Bonding of the polymer to single-walled carbon nanotubes (top right and left) and DNA

hybridization (lower right). Reproduced with permission from Martinez et al. [208]. Copyright

2009 American Chemical Society
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5 Conclusions and Outlook

Post-polymerization modification methods are facile and efficient ways to produce

diverse multifunctional surfaces. They allow the modification of complex surfaces

that are not adaptable with conventional polymerization techniques and can

improve the complexity of multifunctional surfaces, which can in turn improve

technologies for a broad area of study. In this chapter, various types of post-

polymerization modification of miscellaneous surfaces were introduced and

highlighted by selected examples. We clearly show that the post-polymerization

modification approach is rapidly developing and will expand in future. Active

research on the fabrication of highly complex structures and the reactivity of

post-polymerization modifications are ongoing and will contribute to the develop-

ment of new applications for which precisely defined functional surfaces are

required.
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Polymerization
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Abstract We report recent findings on the formation of nanocomposites and self-

assembled hybrid nanoarchitectures, in which controlled radical polymerization

plays a key role. Specifically, we address how macromolecular design via these

controlled methods can be used to flexibly guide the formation of hybrid nanoarch-

itectures in a rational and predetermined fashion. To this end, the role of polymeric

architecture in tuning polymer/inorganic nanocomposite structures is examined.
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Abbreviations

AFM Atomic force microscopy

AgNP Silver nanoparticle

ATRP Atom-transfer radical polymerization

AuNP Gold nanoparticle

CPB Concentrated polymer brush

DC Daoud�Cotton

DEGEMA Diethyleneglycol ethylmethacrylate

DEGMMA Diethylenegylcol methylmethacrylate
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DMAEMA N,N-Diemthylaminoethyl methacrylate
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PDMAEMA Poly(N,N-diemthylaminoethyl methacrylate)

PdNP Palladium nanoparticle
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SiNP Silica nanoparticle

stat Statistical

TEM Transmission electron microscopy
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THF Tetrahydrofuran

TTC Trithiocarbonate

1 Introduction

Inorganic nanoparticles (NPs) have been recognized as building units for the

construction of materials that take advantage of the specific properties of NPs

[1]. In order to obtain particles that are compatible for incorporation into such

materials, it is necessary to shield their reactive surfaces with stabilizing ligands. To

this end, functionalization of NPs with a polymer shell is an attractive way to

introduce colloidal stability and at the same time modulate the properties of the

resulting nanomaterial and equip it with stimuli-responsiveness [2–4]. The

functionalization of particles with polymer can be undertaken by two different

approaches: Using the so-called in-situ functionalization, it is possible to induce NP

formation in the presence of polymers, which act as stabilizers for the growing

particles. This strategy can, for example, be implemented using water-soluble

reversible addition�fragmentation chain transfer (RAFT) polymers with

dithiobenzoate termini, which can be reduced to thiol groups in the presence of a

gold or silver salt precursor, leading to stable nanocomposites [5]. Alternatively,

NPs can be functionalized ex-situ after their synthesis and work-up, either directly

with polymers (“grafting-to”) or with an initiator/chain transfer agent for surface-

initiated (SI) polymerizations (“grafting-from”). The types of inorganic particles

most often used in nanocomposites, and therefore considered in this chapter, are

noble metal NPs, metal oxide NPs, and quantum dots. Metal NPs are particularly

interesting because of their unique optical properties, which stem from surface

plasmon resonance [6]. As a result of their chemical stability and facile surface

modification, gold nanoparticles (AuNPs) are extensively studied representatives of

this class. They are also particularly interesting in the realm of controlled radical

polymerization, as RAFT polymers inherently contain anchor groups for gold

surfaces. It has been shown that trithiocarbonate (TTC) and dithiobenzoate groups

attach to gold [7]. Although a value of 36 kJ mol�1 has been determined for the free

energy of adsorption of phenyldithioesters on a particular type of AuNP [8], another

recent study [9] suggested that polymers with TTC and dithioester end groups can

form even denser layers than thiol-terminated (the functional group most often

encountered for the coating of gold surfaces) [10] polymers. Metal oxide NPs can

also be readily conjugated with polymers via established anchor moieties [11],

while the choice of anchor group might also influence the structure of the resulting

nanocomposites [12]. Their incorporation into hybrid materials with polymers

could lead to modulation of mechanical properties and also to cost reduction.

Controlled radical polymerizations (also called reversible-deactivation radical

polymerization, RDRP, according to IUPAC recommendations) offer a unique way

to modulate polymeric materials at the molecular level. By exploiting a dormant

state of the propagating macroradical, the fraction of irreversibly terminated species
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among the produced macromolecules can be reduced to a small number, which

imparts “living” characteristics to the system and therefore enables the formation of

complex macromolecular architectures, such as block copolymers and star poly-

mers. Under typical conditions, the macromolecular species are rapidly switched

between the dormant and active state, which leads to an equal distribution of growth

probabilities for all chains and can result in narrow molecular weight distributions.

It is thus possible to produce uniform polymers with defined molecular character-

istics. These characteristics are defined by a large parameter space (monomer

composition, degree of polymerization, degree of branching, distribution of special

functional groups, etc.), which opens a huge operational window for macromolec-

ular engineers to design polymers to meet specific requirements. In this chapter, we

examine the literature of the past 10 years to evaluate if and how macromolecular

design by means of controlled radical polymerization can be used to prepare

polymer/inorganic nanocomposite materials with controlled architectures (location

of NPs in polymer matrices, interparticle spatial relations, etc.) and properties.

2 Linear Homopolymers

We consider in this section the simplest case of homopolymers attached to a solid

substrate with one end group. The polymer is thus composed of exactly one

particular monomeric repeating unit; the average degree of polymerization of

which can be controlled via living radical polymerization techniques. Hence, this

type of polymer contains two sorts of information: (i) the functional group that is

repeatedly expressed in the polymeric side chain or at the chain end remote from the

NP surface, and (ii) the average size of one macromolecule. Both features influence

the properties of composite materials of inorganic particles with polymers on their

surfaces.

Homopolymers with distinct side chain functionalities can be obtained directly

through homopolymerization or after post-polymerization modification of a poly-

mer with reactive functional groups in its backbone, which can act as a platform for

the preparation of a library of homopolymers with defined side chain moieties [13,

14]. The polymeric backbone can be chosen such that stable nanocomposites with

NPs in the respective solvent can be obtained. Such stabilizing polymers can, for

example, be applied in NP functionalization together with destabilizing molecules

in varying molar ratios in order to control the aggregation of NPs in colloidal

dispersion [15]. Regarding the chemistry in the polymer side chains, it is particu-

larly interesting to study homopolymer brushes in cases where the monomeric

repeating unit is capable of undergoing specific interactions that are rather weak

individually, but significantly enhanced in the case of multivalent interactions

[16]. As a result of such multivalent interactions, materials with fundamentally

new properties are obtained when homopolymers bearing weakly interacting

repeating units are assembled on a solid support. An illustrative example of this
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principle is the so-called glyco-cluster effect, which is the reason why

nanocomposites with glycopolymers have been investigated extensively in recent

years.

RAFT polymerization is arguably tolerant to functional groups present in the

monomer to be polymerized and also provides end groups that can be used as

surface attachment points with or without additional post-polymerization modifi-

cation. Therefore, monomers bearing unprotected glucosamine [17], glucoseamido

and lactobioamido [18], mannose [19], or galactose [20] moieties can be polymer-

ized in a RAFT process and their polymers grafted to NP surfaces. As an alternative

to the direct polymerization of glycomonomers, the sugar moiety can be clicked to

the polymeric backbone in a tandem polymerization [3+2]-cycloaddition reaction

[21]. Nanocomposites of glycopolymers with AuNPs form complexes with lectins,

which can lead to AuNP clustering and result in a plasmon band red shift [17,

19]. This recognition through complex formation may even be glycopolymer-

specific [17, 20]. Complex formation with lectins can be further exploited in

developing cancer theranostics [22]: RAFT homopolymers with glucosamine in

their side chains can also be used to prepare nanocomposites with iron oxide

nanoparticles (IONPs) of different shapes. The authors demonstrated that these

nanohybrids attached to cell membranes of HeLa carcinoma cells expressing

glucose transporters on their membranes. Also, the internalization of IONPs coated

with glycopolymer was significantly increased compared with unmodified IONPs.

Furthermore, cubic shaped IONPs showed a higher probability of cellular uptake

than spindle-shaped particles in two different cell lines [22].

It should be noted, however, that substrate recognition through gold

nanocomposites with a homopolymer layer is indeed a broad concept not limited

to glycochemistry: Recognition can also lead to quantitative and cation-specific

detection [23]. AuNPs covered with poly(methacrylic acid) (PMAA) were shown to

aggregate upon exposure to Cr3+ cations. This led to a concentration-dependent

shift of the localized surface plasmon resonance absorption band. After exposure to

analyte solution, the sensor could be recovered by removal of Cr3+ using EDTA.

When the recognition element implemented into the polymer brushes is self-

complementary, nanohybrids with a tendency to form assembled network structures

are formed [24]. This can be realized by decorating RAFT polymers with the

ureidopyrimidone moiety at the α-chain end and grafting those polymers to

AuNPs with a sulfur-containing ω-end. Therefore, the functionality that acts as

recognition element does not need to be incorporated into the polymeric backbone,

but can instead be located at the dangling end of the polymer brush that is remote

from the particle surface, as the monomeric repeating units act as spacers.

RDRP techniques allow the preparation of macromolecules with predetermined

degree of polymerization and narrow molar mass distribution. When such macro-

molecules are grafted onto the surface of NPs, it is interesting to investigate whether

this size information can be used to organize inorganic particles in ordered assem-

blies. Following this idea and using surface-initiated atom-transfer radical poly-

merization (SI-ATRP), Fukuda and coworkers assembled nanocomposites of

AuNPs [25] and SiNPs [26] with a poly(methyl methacrylate) (PMMA) shell in a
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two-dimensional array using Langmuir–Blodgett deposition. The authors found

that the PMMA shell keeps the AuNP cores at certain distances, which increase

with increasing graft chain length. Using atomic force microscopy (AFM), it was

demonstrated that the PMMA forms a compact shell on top of AuNPs and a

stretched shell around AuNPs, which causes the AuNP core spacings [25]. Analo-

gous shell morphology in gold nanocomposites was also revealed by Davis and

colleagues, who observed a soft shell assembled around a hard core in phase

contrast AFM images of hybrid particles deposited on a solid substrate [27]. This

indicates that the brushes on top of a particle were pulled downwards during the

solvent evaporation process (Fig. 1).

When polymers are terminally grafted onto a surface at a high density, the

surface-bound polymer adopts an extended conformation and stretches away from

the surface; thus, the grafted polymer is in the concentrated polymer brush (CPB)

regime. A unique feature of particle surfaces is that, as a result of their curvature,

the concentration of polymer segments decreases in regions remote from the

surface. This can lead to surface-bound polymer eventually going into the

semidilute polymer brush (SDPB) regime, as a result of decreasing packing con-

straints [28, 29]. Dynamic light scattering (DLS) measurements of polymer brush

height on individual nanohybrid particles [28, 30] and confocal laser scanning

microscopy of three-dimensional colloidal crystals [28–31] confirm this behavior.

The scaling of polymer brush height can be understood roughly in terms of a simple

blob model pioneered by Daoud and Cotton [32]. This model was originally

developed to describe star polymer conformations, but can also be applied to

polymer brushes attached to a solid core. When the number of branches (i.e., the

grafting density) is high, the individual branches adopt a stretched conformation in

regions close to the core. Farther away from the core, the individual branches begin

to relax because of the increased volume available for the chains, leading to a

Fig. 1 (a) Structural model for a monolayer of hybrid particles, developed based on AFM

measurements. Adapted with permission from [25]. Copyright 2003 Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim. (b) Phase contrast AFM image showing a soft layer of polymer

assembled around a hard gold particle core. Adapted with permission from [27]. Copyright 2009

American Chemical Society
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different scaling of star radius with the number of repeat units in a branch N. For
large N, the Daoud–Cotton (DC) model predicts a scaling of star radius (polymer

brush height) of ~N0.6. This scaling is in agreement with polymer brush height

measured by DLS in this regime [33]. However, the simple DC model fails to

describe the behavior of brushes for smaller brush heights (i.e., when the chains are

in the CPB regime). In this case, brush height was shown experimentally to scale

with ~N0.8, an intermediate scaling between ~N0.6 and ~N1.0, the latter being the

limit for highest grafting density and minimum surface curvature (i.e., dense

polymer brushes on flat surfaces) [33]. Fukuda and coworkers applied the DC

model to polymer brushes grafted onto a large core to investigate at what distance

from the center of the particle the crossover from CPB to SDPB takes place

[28]. This critical distance rc was found to be given by:

rc ¼ ro � σ∗
1=2

4πð Þ1=2v
� ��1

; ð1Þ

where ro is the radius of the inorganic core, σ* the dimensionless grafting density,

and ν the excluded volume parameter. It follows that for small enough grafting

densities, rc is smaller than ro and the whole polymer brush thus shows SDPB

behavior. For large enough values of σ* and small polymer brush heights, the entire

brush shows CPB behavior. At a critical brush height, the CPB-to-SDPB transition

occurs. Thus, the height of a polymer brush on an inorganic particle clearly scales

with the degree of polymerization of the grafted chains, and the scaling behavior

can provide information about whether the polymer is in the concentrated brush

regime or not. This is valuable information, as it was recognized that the mechan-

ical properties of self-assembled structures from hybrid particles are strongly

influenced by the CPB–SDPB transition because more interparticle chain entangle-

ments can occur in the SDPB case [34, 35]. The toughness of the hybrid materials of

silica NPs with polystyrene (PS) and PMMA brushes was found to increase as the

polymer brush height increased beyond the CPB–SDPB crossover [35]. On the

other hand, material properties that do not depend much on polymer entanglements

(i.e., the elastic modulus and hardness of the material) were shown to increase with

increasing polymer brush molar mass and level off before the CPB–SDPB transi-

tion (Fig. 2) [35].

The state of the polymer brushes also affects the order formation in

two-dimensional nanohybrid assemblies, because the SDPBs do not add signifi-

cantly to the interparticle repulsive potential and act to dilute the array structure,

resulting in decreased assembly order as the system goes far into the SDPB regime

[36]. However, this behavior can be exploited intentionally by grafting bimodal

polymer brushes, one of which is short and of high grafting density to shield the

particle surface and one that is long with low grafting density, to achieve

nanohybrids that can be more regularly dispersed in a polymer matrix [37],

preventing particle assembly and structuring [38]. In such a molten state or blend,

growing interparticle distances with increasing molecular weight of the surface-
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bound polymer can also be observed by small-angle X-ray scattering (SAXS), and it

was found that the interparticle distances can be further swollen by blending the

hybrid particles with free polymer [39]. In the case of AuNPs, the gold core spacing

results in unique optical responses, which stem from surface plasmon coupling [40]

or, when the spacing is of the order of the wavelength of visible light, from Bragg

diffraction [28, 31, 41].

Nanocomposites with a tailored polymer shell thickness can also be obtained

through RAFT polymerization surface-initiated from silica [42, 43] and IONP

surfaces [42], or via grafting-to approaches [44, 45]. The grafting-to strategy is

particularly interesting because it can allow precise control of the polymer proper-

ties independently of the NP, prior to immobilization on a surface. For such an

attachment of polymer chains, it is necessary that the enthalpy gain from the

interaction of the anchor moiety with the surface balances the loss of entropy of

the polymer chain. This entropy loss is reflected in a decrease in polymer grafting

density with increasing average molecular weight of the employed polymer, which

was verified for two types of AuNPs [45]. This behavior is logical, since the

increased entropy loss (resulting from the conical confinement of longer polymer

chains) can only be counterbalanced by more relaxed conformations as a result of

their confinement in a larger space (i.e., by reducing the grafting density). When

homopolymers are grafted to NPs with one end group, the question of whether they

form brushes on the surface can be answered by determining the polymer shell

thickness as a function of polymer molecular weight. This shell thickness can be

quantified by systematically measuring the edge-to-edge distance between inor-

ganic NP cores in self-assembled monolayers (Fig. 3) [44].

The data points obtained from the analysis of several TEM images can be fitted

to a function describing the increase in interparticle distance with the increase in

mean molar mass of grafted polymer. A simple yet suitable function can be chosen

of the following form:

Fig. 2 Mechanical properties of nanocomposites of silica NPs with PS and PMMA. Left:
Development of material toughness with increasing average number of monomeric repeat units

per brush (N ). Right: Dependence of elastic modulus E and hardness H on N. Adapted from [35]

with permission of The Royal Society of Chemistry
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d ¼ k � Mn

� �1 l=
: ð2Þ

A fit of (2) to the data yields k¼ 6.02� 10�12 m and 1/l¼ 0.79. When k is identified
to be twice the contour length of the polymer and set fixed to this value

(4.4� 10�12 m), a value of 0.82 is obtained for the exponent 1/l. Taking into

consideration how the molar mass of surface-bound polymer translates to polymer

shell thickness, this value obtained for 1/l might reflect densely grafted polymer

brushes on the NP surface, provided that interparticle spacing in self-assembled

monolayers can indeed be used as a measure of polymer shell thickness. That is, the

information that is included in the scaling of interparticle distance with molar mass

can be used to draw conclusions about the conformational state of the surface-

anchored polymer chains.

3 Mixed Brushes of Two Different Linear Polymers

When two chemically different types of polymer are grafted to NPs, the situation

becomes much more complex because the properties of both species influence the

behavior of the resulting nanocomposites, depending on the individual chain

lengths, grafting densities, and chemical properties of the two different brushes.

Also, the different polymers might be grafted independently of each other, leading

to a statistical distribution of both polymers on the surface, or they might be grafted

as diblock copolymers at their block junction. Because the outcome of the latter

results in mixed polymer brushes, we discuss this special case here and not in

Sect. 3, which deals with copolymers in a more general sense. The behavior of

nanocomposites with mixed brushes can reflect the properties of both polymeric

species at the same time or it can be intermediate between those of NPs with

uniform polymer brushes. Grafting of brushes with different solubility characteris-

tics can lead to amphiphilic nanocomposites with a tendency to phase-separate on

the surfaces. The phase separation of immobilized macromolecules into different

domains is a unique feature of mixed brushes and is particularly interesting

Fig. 3 Left: TEM images showing self-assembled monolayers from nanohybrid particles with

gold cores and PNiPAAM shells. The average degree of polymerization of NiPAAM increases

from left to right. Right: Dependence of interparticle spacing on the average degree of polymer-

ization. Adapted with permission from [44]. Copyright 2013 American Chemical Society
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because, unlike micelle formation in solutions containing free amphiphilic (macro)

molecules, the outcome of the assembly is not influenced by the dilution of the

system. Also, as shown in this section, phase separation in mixed brushes on NP

surfaces and its modulation can prove useful in tuning nanocomposite properties

and directing particle assembly.

Different surface morphologies (including rippled structures, different island

structures with varying number of islands, and layered structures) resulting from

microphase separation of two anchored polymer species can be predicted from a

theoretical model, depending on the chain lengths and composition of mixed

brushes on NP surfaces [46]. It can be predicted theoretically that lateral phase

separation of two different polymer brushes on surfaces occurs in a marginally good

nonselective solvent if both chains are of nearly equal or only slightly asymmetric

in length. If one polymer species becomes larger, the smaller polymers form

domains in a bottom layer close to the surface and the top layer is composed

exclusively of the longer stretched polymer [47]. This predicted behavior has

been confirmed experimentally [48].

Because the topology of separated polymer brushes on surfaces depends so

strongly on the architecture of the polymeric species (i.e., the grafting density of

both brushes and their degree of polymerization), the formation of well-defined

mixed brushes on NP surfaces requires polymerization techniques that allow

precise control over macromolecular properties. To this end, the use of macroRAFT

agents for the formation of diblock copolymers with gold-binding TTC groups at

the block junction has been suggested [49]. This approach is interesting because it

implies that the ratio of grafting densities for the different blocks is always equal to

one. Alternatively, the different brushes can be grafted to the NP surface as

individual homopolymers through specific reactions between the homopolymer

end groups and functional groups on the particle surface [50]. This could offer a

handle for tuning the ratio of the two grafting densities by adjusting the polymer

feed ratio. Another elegant and much-adapted method for preparing precisely

tailored mixed polymer brushes is SI-ATRP followed by nitroxide-mediated radical

polymerization (NMRP) from an asymmetric initiator that can be grafted to a

surface of the particle and comprises initiation sites for both types of controlled

radical polymerization techniques [51]. The two successive polymerizations lead to

block copolymers grafted through their block junction. The resulting NPs show

chain reorganization in response to a selective solvent environment that can lead to

mobile and collapsed phases [51]. Employing this SI polymerization technique with

asymmetric initiator, it can be shown by TEM that lateral microphase separation

occurs in nonselective good solvents when the polymer molecular weight reaches a

certain threshold value, and that a selective solvent leads to collapsed domains of

the polymer species interacting unfavorably with the solvent [52, 53]. A systematic

experimental study showed, from the analysis of TEM images, that the domain

sizes grow strictly with the molecular weight of the grafted brushes, although the

exact scaling behavior was dependent on whether the particles were drop-cast from

a (nonselective) good or bad solvent [54]. A lower grafting density of mixed

brushes also leads to larger domain sizes, until the grafting density reaches a
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lower threshold value, below which no phase separation can be observed [55]. Lat-

eral phase separation apparently leads to wedge-shaped separated domains if the

curvature of the solid particles becomes large enough [56]. Phase separation is

different in isolated nanohybrids compared with nanohybrids in self-assembled

monolayers. For isolated hybrid particles, phase separation only occurs at the

bottom close to the substrate, whereas interparticle brush interactions lead to

extended phase-separated regions between neighboring particles [57].

The influence of the mode of attachment of different brushes was also investi-

gated. Mixed brushes of PMMA and PS were grown from a flat silica surface by

either SI conventional radical polymerization or successive ATRP (PMMA brush)

and NMRP (PS brush) from a common asymmetric initiator for both techniques,

attached to the surface with one grafting point. Conformational changes in grafted

polymer chains were studied theoretically and experimentally by investigation of

microphase separation after solvent exchange cycles with toluene and acetone. It

was found that microphase-separated areas were larger for individually anchored

PMMA and PS brushes. This effect was explained by density fluctuations of the

different polymer species, which occur using this approach. Also, the memory

measure (the probability that a specific domain re-forms after one cycle) was

smaller for diblock copolymers grafted at their block junction. This was an indica-

tion that local fluctuations in grafted polymer chains act as nuclei in the domain

structure formation [58].

Randomly distributed mixed brushes of PS and PNiPAAM on AuNPs can be

obtained by in-situ reduction of a gold salt precursor in the presence of RAFT

homopolymers [59]. The presence of both types of polymers on the AuNPs can be

demonstrated using NMR and infrared spectroscopy. When thin films of the

composite material are prepared via hydrophilic Langmuir–Blodgett transfer, a

more hydrophobic surface is obtained than with hydrophobic transfer, as shown

from contact angle measurements after depositing a water drop on both surfaces.

The authors concluded that this phenomenon might be indicative of phase separa-

tion of the two distinct polymer species on the NP surface during Langmuir–

Blodgett assembly [59]. Detailed investigations into the behavior of mixed brushes

can be undertaken when the polymers are grafted to a flat surface, which allows

investigation via AFM [60]. Again, conformational changes in the polymer brushes

allow the surface to adapt to its solvent environment, but it is interesting to notice

that these conformational transitions can be kinetically locked when long enough

chains cover shorter ones and thus prevent their swelling by a selective solvent [60].

For both cases where mixed brushes are randomly distributed over the surface or

grafted as diblock copolymers at their block junctions, it was shown that the chain

conformations can flexibly adapt to global changes in the environment. These

observations were made by studying mixed brushes on NPs and lead to the question

of whether such phenomena can be made useful for NP assembly [61]. When mixed

brushes of thiol-terminated poly(ethylene glycol) (PEG) and PMMA from

SI-ATRP are present on large (42 nm) gold nanocrystals, the hybrid particles

proved stable as unimers in common solvents for both brushes (DMF, chloroform,

DMSO). However, when the solvent was changed by addition of water and
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subsequent dialysis, these nanohybrids aggregated, probably as a result of forma-

tion of hydrophobic domains of collapsed PMMA chains that act as contacting

areas for different particles. Interestingly, NP assembly led to a huge proportion

(>60%) of NP dimers. It was speculated that this is caused by depletion of PEG

brushes from the dimer junction. The resulting accumulation of PEG brushes in the

noncontacting areas leads to stabilization of the dimer structures (Fig. 4). This

explanation is consistent with the observation that an increase in the PMMA

fraction (PMMA:PEG ratio increase from 4:3 to >5:1) results in the formation of

larger multimers upon addition of the selective solvent water [61].

Assemblies of nanocomposites into larger vesicular structures comprising sev-

eral particles with mixed brushes can also be realized: AuNPs (14 nm) and nanorods

(aspect ratio 4:1) were covered with thiol-terminated PEG (grafting-to) and thiol-

terminated ATRP initiator, which allowed the growth of PMMA and PMMA-stat-
poly(vinylpyridine) (PVP). Film rehydration of these nanocomposites led to vesic-

ular structures. These structures were shown to decompose under heat or decreased

pH, since vinylpyridine renders the system pH-responsive. In the case of nanorods,

decomposition can be triggered with near-infrared radiation [62]. These features

render this system promising for delivery and controlled release of therapeutic

agents [63, 64].

4 Linear Diblock Copolymers and Random Copolymers

As a result of the general immiscibility of different homopolymers, diblock copol-

ymers exhibit an inherent tendency to phase-separate and can therefore form a

range of ordered structures in solution and in the molten state. Thus, there has been

a lot of research using diblock copolymers in conjuncture with NPs and aiming to

use these polymers as templates to form tailored NP arrangements. Block copoly-

mers are attractive in the realm of nanocomposites because each of the two blocks

can be employed for distinct functions. For example, for block copolymers grafted

to IONPs, the inner block can be used as an attachment site for the incorporation of

chemical tags, while the outer block provides solubility in the respective dispersant

Fig. 4 Left: Proposed mechanism of dimerization upon solvent exchange to a selective solvent.

Center: TEM image showing AuNP dimer structures. Right: Histogram showing the fraction of

monomeric, dimeric, andmultimeric AuNP species. Adapted with permission from [61]. Copyright

2011 American Chemical Society
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[65]. Alternatively, block copolymers can be designed such that one entire block

induces NP formation through gold salt reduction and shielding of the formed NP

surface, and the second block provides colloidal stability. Following this idea, block

copolymers of N,N-diemthylaminoethyl methacrylate (DMAEMA) and

2-(methacryloyloxy)ethyl phosphorylcholine (MPC) were prepared by ATRP.

Addition of HAuCl4 resulted in the accumulation of gold close to the DMAEMA

repeating units as a result of formation of salt bridges. The (unprotonated) tertiary

amine then acts as a reduction agent, which induces AuNP formation. Nanohybrids

with an inner shell of PDMAEMA and an outer shell of PMPC are thus formed.

Away from its isoelectric point, the PMPC layer imparts solubility to the

nanocomposites. It was also shown that there is an optimum PDMAEMA block

length for obtaining well-defined spherical AuNPs with reasonably narrow particle

size distributions [66].

A more recent work employed the concept of gold salt reduction by one entire

block of a block copolymer in an even more sophisticated fashion. Polymers

comprising hydrophilic and hydrophobic blocks were used to coat AuNPs, which

allowed growth of a gold nanoshell around these hybrid particles [67]. This became

possible by introducing phenol side chain moieties into the hydrophilic block,

which at basic pH were effective reducing agents for KAuCl4, producing the gold

shells. The hydrophobic blocks act as spacers in this case, which allows tuning of

the thickness of the obtained nanogap between the gold core and shell, and also

permits introduction of Raman tags by copolymerization with a functional mono-

mer. The block that interacts with the NP surface is not necessarily chemically

bound; adsorption of copolymers on NPs can lead to uniform polymer films [68]. It

was demonstrated that hydrophobically functionalized AuNPs can be incorporated

into micelles from polystyrene-block-poly(acrylic acid) (PS-b-PAA) copolymers

by inducing micelle formation through addition of a selective solvent (water) and

subsequent crosslinking of the outer shell of the micelle [69], or by cooling the

solution to slowly decrease the critical micelle concentration [70]. In general, large

excess of diblock copolymer (which can be separated after NP encapsulation) and a

relatively large diameter of the NP (>10 nm) are necessary to avoid the incorpo-

ration of multiple NPs into one micelle. This has been observed for small NPs

(<10 nm), which act as solutes swelling the micelle core [71]. In fact, the number of

small NPs contained in a micelle can be controlled by adjusting the ratio of particles

and block copolymers, with a higher average number of incorporated NPs being

obtained as their relative proportion in the reaction mixture increases [72].

Triggered assembly of temperature-responsive diblock copolymers was used by

McCormick and coworkers for colloidosome formation [73]. Block copolymers of

DMAEMA and NiPAAM were prepared by RAFT polymerization. Heating of a

block copolymer solution induced reversible vesicle formation as a result of the

collapse of the PNiPAAM block. Addition of NaAuCl4 to the assembled block

copolymer solution at a fixed ratio at 50�C led to incorporation of gold salt in the

vesicles. The tertiary amine group of the DMAEMA repeating unit triggered gold

reduction and AuNP formation. Interestingly, the vesicular structure was fixed after

cooling and did not dissociate into monomeric block copolymers, as observed
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before AuNP formation [73]. In addition, the morphology of the self-assembled

structures can be varied from simple micelles, mixtures of worm-like micelles and

spherical micelles, and vesicles by adjusting the degree of polymerization of the

temperature-responsive PNiPAAM block in the preceding RAFT polymerization

[74]. Preformed NPs can be incorporated into self-assembled solution structures of

block copolymers depending on the specific interactions between the NP surface

and both blocks. The NP–block copolymer interaction can, for example, lead to

NPs being incorporated into micelle cores, although the constituting block copol-

ymer alone forms vesicles. This is so because NP incorporation into the

solvophobic phase can reduce the polymer stretching penalty in the self-assembled

structures formed [75]. This point is further illustrated in a study by Park and

coworkers [76], which showed that PS-coated quantum dots were incorporated

into the PS domain of micelles formed from PS-b-PAA polymers. On the other

hand, when alkyl-coated particles were employed, they formed a layer between the

PS–PS interface [77]. This was shown to occur because the alkyl–PS interaction is

the least unfavorable interaction and the incorporation of a NP layer reduces

polymer stretching [76]. Thus, two NPs with different surface chemistries can be

incorporated at different positions in the polymer matrix. The NP–copolymer

interaction can also be tuned such that the NPs assemble at the PS–PAA interface

of the micelles formed (by carefully choosing the surface chemistry of the NP)

[78]. Hence, layered co-assemblies can be obtained with two types of particles

located at the PS–PS and PS–PAA interfaces, resulting in different radial positions

for the individual NPs (Fig. 5).

We have seen so far that enthalpic interaction parameters are often crucial in

controlling the position of NPs in block copolymer assemblies [69–72, 74–78]. Nev-

ertheless, it has been shown impressively that the contribution of entropy to the free

energy can become important in controlling the position of NPs in vesicular

structures [79]. The co-assembly of NPs decorated with polystyrene-block-poly
(ethylene oxide) (PS-b-PEO) copolymers and free (not surface-bound) block copol-

ymers of the same type leads to vesicles with the NPs being incorporated in the

(solvophobic) PS domain. Interestingly, depending on the number of monomeric

Fig. 5 Solvent-induced formation of layered assemblies from block copolymers of PAA and PS

and AuNPs functionalized with mercaptoundecanol as well as IONPs functionalized with oleic

acid. The AuNPs (red) are located at the PS–PAA interface, while the IONPs (green and yellow)
are located at the PS–PS interface. The graph shows two different radial positions for the distinct

NP species. Adapted with permission from [78]. Copyright 2013 American Chemical Society
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repeating units in the two blocks for both free and bound block copolymers, the NPs

were either evenly distributed over the entire PS layer or they were separated. This

separation led to an accumulation of NPs in some areas, leading to “patchy”

vesicles, or – in cases of strong separation – to an accumulation on one hemisphere

(and depletion on the other), leading to Janus-type structures (Fig. 6).

The concept of block copolymers acting as templates that can host NPs at

defined locations can also be adopted to produce thin films. Thus, block copoly-

mers, which show phase separation in the molten state, can be used as matrices for

selective incorporation of particles. Depending on the block composition, and the

temperature-dependent block interaction, phase separation can lead to different

nanostructured morphologies [80]. However, we restrain ourselves here to discus-

sion of the most common type of phase separation, lamellar phase separation, as an

illustrative example. The lamellar type of phase separation has the advantage that,

as a result of its symmetry, it facilitates computations towards the prediction of NP

localization in diblock copolymer hosts. A theoretical study evaluating NP distri-

bution in copolymer melts found that neutral NPs lead to a Gaussian distribution

centered at the lamellar interfaces, whereas strongly selective NPs are incorporated

in the preferred domain, with a Gaussian distribution centered at the middle of this

domain [81]. There could also be intermediate situations in which Gaussian distri-

butions with distinct shoulders are observed. Generally, large degrees of polymer-

ization in the diblock copolymer, and therefore a high degree of domain

segregation, were shown to lead to narrow particle distributions in this theoretical

work [81], a finding that is, however, contrary to an experimental study investigat-

ing this effect [82].

Fig. 6 (a, b) SEM images showing AuNPs grafted with block copolymers incorporated in vesicles

and evenly distributed in one layer (a) or partly separated in clusters in this layer (b). (c) TEM

images at different tilt angles revealing fully separated AuNPs in one hemisphere of the vesicle.

Scale bars: 200 nm (a, b) and 100 nm (c). Adapted with permission from [79]. Copyright 2014

American Chemical Society
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Depending on the wetting behavior of the two blocks of the block copolymer

with the surface, thin films can show phase separation that is either parallel or

perpendicular to the surface. If the surface comprises equal wettability for both

blocks, this usually results in perpendicular phase separation. This effect can be

nicely demonstrated by comparing two types of NPs, one of which is selective and

one of which is neutral for a common block copolymer of PS and PMMA. It can be

demonstrated experimentally that selective AuNPs locate inside the favorable block

domain, whereas neutral NPs are located at the domain interfaces (see Fig. 7) [83],

fully consistent with theory [81] and other experimental studies [84, 85]. It was

furthermore shown by cross-sectional TEM that selective NPs are distributed

throughout the respective domain, but within the entire film thickness, whereas

neutral NPs reside preferentially close to the surface–air interface for entropic

reasons [83]. The attraction of NPs to the surface of the substrate thus induces a

change in the surface wettability properties and results in conversion from parallel

to perpendicular phase separation when the amount of neutral NPs is high enough.

A similar transition of block copolymer orientation after addition of NPs to the

system has also been observed by others, employing a different system comprising

PS-b-PVP copolymer together with alkyl-coated CdSe particles [86, 87]. To take

full advantage of the periodical features present on the surface of phase-separated

thin films, one could also choose to further swell specific domains with selective

solvents prior to the addition of particles [88] or to permanently fix the phase

separation by photo-crosslinking [89].

By adding NPs to phase-separating block copolymer systems, one may also face

phenomena resulting from interparticle interactions, which are often neglected by

theory: When lamellar phase separation is used to introduce magnetic NPs

Fig. 7 Top row: TEM images showing the lamellar phase separation of a PS-b-PMMA polymer

perpendicular to the substrate surface (PS domains were stained with RuO4 and appear darker) and

the distribution of AuNPs modified with four different polymeric ligands. The fraction of styrene

increases from a to d. Bottom row: Particle distribution in the block copolymer domains for AuNPs

coated with the four different polymers. Adapted with permission from [83]. Copyright 2011

American Chemical Society
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functionalized with PMMA into the PMMA domain of a PS-b-PMMA copolymer,

the incorporation can occur only at small NP concentrations. When the NP con-

centration is high enough, the polymer-coated NPs tend to form particle aggregates

that are too large to be taken up inside one block domain, and therefore block

copolymer assembly around these aggregates is observed [90]. A different scenario

that can be observed upon increasing the NP concentration is an NP-induced phase

transition. An interesting mechanism leading to phase transition in block copoly-

mers has been described by Kramer and coworkers [91]. When NPs, which prefer to

locate at block interfaces, were added with increasing concentration, the authors

found that initially the domain size in lamellar phase-separated block copolymers

decreased. This behavior was rationalized by strong segregation theory, predicting

a scaling of domain thickness proportional to the block copolymer interfacial

energy, which is decreased by addition of neutral NPs locating at the copolymer

interfaces. Further increase in the NP concentration led to a lamellar-to-bicontinous

transition, as shown for AuNPs selective for an interface with two different surface

coatings. The effect of the molecular weight of the block copolymer matrix on the

phase transition was also studied and it was found that matrices with higher molar

masses required smaller NP concentrations for phase transition [91].

5 Linear Triblock Polymers

By applying triblock terpolymers as templates for the in situ formation of NPs, it is

possible to introduce even more information into a linear polymer by using the

different blocks for distinct functions. For example, two outer blocks can be chosen

such that the resulting polymer has a tendency to self-assemble into specific

solution structures, while the inner block can comprise binding sites for NPs [92,

93]; alternatively, one outer block can provide these binding sites and the other two

blocks can provide amphiphilicity [94, 95]. Such triblock terpolymers are, for

example, accessible through consecutive RAFT [92, 93] or ATR [94, 95] polymer-

izations. When an inner block of either PMAA [92] (providing attachment sites for

the complexation of an iron salt precursor) or PDMAEMA [93] (providing attach-

ment sites for tetrachloroauric acid) is sandwiched between outer blocks of PS and

poly[oligo(ethylene glycol) methacrylate] (POEGMA), the polymers can be used to

organize inorganic NPs into different patterns. Polymerization-induced self-assem-

bly was employed in both of these studies; that is, the respective block copolymer

precursors were used as macroRAFT agents in chain extension polymerizations

with styrene in methanol, under which conditions polymeric NPs were formed. The

two different inorganic precursor salts could then be introduced into the respective

middle block of the triblock terpolymers, and inorganic particle formation could be

triggered by adding base to form IONPs [92] or reduction agent to form AuNPs

[93]. Depending on the degree of polymerization of styrene, this system can be

tuned to form micelles, rods, and vesicles as hosts for inorganic NPs [92]. The

polymers therefore encode these different solution structures and at the same time
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carry information about where the inorganic NPs will be placed in the resulting

nanohybrid assembly structures.

The studies mentioned above first assemble specifically designed polymers and

then induce NP formation after assembly formation. In principle, however, it should

be possible to first decorate inorganic NPs with a polymer to create amphiphilic

hybrid particles, which can then assemble into a variety of structures. This has been

realized by Eisenberg and coworkers [96]. Their approach used triblock polymers

made by two successive ATR polymerizations of first styrene and then

vinylpyridine, starting from a chloride-terminated PEG macroinitiator. The

resulting PEG-b-PS-b-PVP polymers were used to cover AuNPs and PdNPs via

attachment through the PVP block. The obtained hybrid particles had amphiphilic

character and tended to assemble into micellar structures after addition of water to

their dispersions in THF. The self-assembled structures revealed (by TEM charac-

terization) NPs with defined location at the surface of the micellar core, which

occurred in darker contrast as a result of the high electron density in the PS block.

The defined NP position resulted from the covalent attachment of the separating

blocks. The hydrophilic PEG block could effectively stabilize these micellar

structures in the hydrophilic environment at high enough grafting densities [96].

Even higher precision in the formation of nanocomposites can be achieved by

the ambitious procedure of NP monofunctionalization [97]. Liu and coworkers

indeed found that small AuNPs can be functionalized with only a single macro-

molecule, a triblock terpolymer [98]. The authors used a macroRAFT agent with

PEO in its RAFT leaving group (“R group”) to successively polymerize glycidyl

methacrylate (GMA) and styrene. The middle PGMA block was used to introduce

lipoic acid, which acts as an anchor for gold surfaces via its dithiolane moiety. By

analyzing the nanohybrids of this polymer with AuNPs via size-exclusion chroma-

tography (SEC) and thermogravimetric analysis (TGA), it was concluded that

indeed only one macromolecule attaches to AuNPs with diameters of ~2.0, ~2.9,

and ~3.8 nm. Monofunctionalization was, however, not observed for AuNPs of

~4.9 nm, strongly suggesting a size selectivity for this stoichiometric functiona-

lization. The nanocomposites with one macromolecule per inorganic particle were

decorated with a PEO and a PS chain (the outer blocks of the initial triblock

polymer) and can therefore be considered as true amphiphilic particles. The assem-

bly of these nanohybrid particles into vesicles and micelles, depending on the

packing parameter (which can be controlled by macromolecular design), has been

demonstrated (Fig. 8) [98].

In addition to the above-discussed cases of triblock terpolymers, linear triblock

polymers can also take the form of ABA copolymers. A recent study [99] employed

a symmetric ATRP macroinitiator with a PEG linker between the two initiation

sites. ATR copolymerization of diethylenegylcol methylmethacrylate (DEGMMA)

and diethyleneglycol ethylmethacrylate (DEGEMA), together with a comonomer

for fluorescent labeling, permitted the formation of outer blocks with defined lower

critical solution temperature (LCST). Silica NPs were surface-functionalized by

SI-ATRP with polymers of different compositions of DEGMMA and DEGEMA to

tune the LCST of the surface-grafted polymer and another comonomer as
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fluorescent tag. The fluorescent labels were introduced to study the spatial relation

of the surface-modified SiNPs with the outer blocks of the triblock ABA copoly-

mer. When the polymer immobilized on the SiNP surface had a similar LCST as the

outer blocks of the triblock copolymer, mixtures of both species formed gels at a

temperature above their common LCST. In these gels, the NPs were localized in

micellar compartments of the collapsed outer A blocks of the ABA copolymer. Gel

formation was a result of the bridging of (soluble) PEG chains (B block of the ABA

copolymer) between the collapsed entities. When the SiNPs were modified with a

polymer of higher LCST than that of the outer block of the triblock copolymer, gels

were formed at temperatures intermediate between the two LCSTs and SiNPs were

not incorporated into the collapsed micelles. Careful manipulation of the properties

of the surface-bound polymers therefore allows control of the location of inorganic

NPs in organic polymer gels [99].

6 Linear Multiblock Polymers

RAFT polymerization is unique among the most prominent RDRP techniques

because the inherently bifunctional TTC group can be employed in RAFT-type

chain transfer agents. As a result of this bifunctional nature, the TTC moiety can be

easily incorporated into the backbone of linear multifunctional RAFT agents [100,

101] or cyclic RAFT agents [102], both of which permit the formation of

multiblock polymers with narrowly distributed block lengths. In such systems,

the RAFT mechanism causes a continuous redistribution of all blocks and RAFT

Fig. 8 Left: Strategy employed for the monofunctionalization of AuNPs with one macromolecule.

Right: High resolution TEM (a) and AFM (b) images of the vesicular assembly structures obtained

from these nanohybrids. Adapted with permission from [98]. Copyright 2012 American Chemical

Society
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groups during polymerization and this results in remarkably narrow ideal block

distributions [103]. Consequently, such macromolecules are relatively well defined

and can thus be used as the tailored organic part of nanohybrids with inorganic

particles. For AuNPs, this polymer comprises TTC groups as gold attachment

points in its backbone [104]. Another advantage of these systems is that multiblock

copolymers can be obtained by only two successive polymerizations. Such

multiblock copolymers can be useful, as shown by Du et al., who suggested that

amphiphilic RAFT multiblock copolymers of styrene and vinylpyridine can be used

for the interfacial assembly of AuNPs, gold nanorods, and AgNPs at liquid–liquid

interfaces [105]. The authors did not show, however, whether the TTC groups are

maintained in the multiblock copolymers after treating them with NaBH4 during the

in situ synthesis of AuNPs and AgNPs.

When the covalently linked blocks of a multiblock polymer are made of

NiPAAM monomer, the resulting polymeric material is water soluble and can

therefore be brought directly into contact with AuNPs from the citrate reduction.

Nanohybrids produced by this method were analyzed by TEM, which showed

particles that assembled in hexagonal two-dimensional patterns with constant

minimum spacing between the gold cores; absolutely no particle stacking was

observed [44]. This indicates that the gold cores were not crosslinked by the

multifunctional RAFT polymer, a result that was confirmed by SEC analysis. The

binding mode of this polymer on the surface of this type of AuNP could be revealed

in even more detail: The spacing between the gold cores was analyzed systemati-

cally for different multiblock polymers of NiPAAM and compared with the data

(see Sect. 1, Fig. 3) obtained for linear polymers of NiPAAM with only one TTC

group on the ω-end of the polymeric chain. It was found that gold core spacings

were distinctively smaller and almost constant when multifunctional RAFT poly-

mers with varying block numbers and degrees of polymerization were employed for

surface functionalization reactions with these AuNPs. This leads to the conclusion

that this type of polymer attaches to AuNPs from citrate reduction in a multivalent

fashion via its multiple TTC groups, meaning that these macromolecules wrap

around the AuNPs and form polymer loops on the NP surface [44].

Disclosing the binding motif of multiblock RAFT polymers on AuNPs from

citrate reduction raises the question of whether the polymer binding can vary for

different types of AuNPs. It is known that AuNPs from the two-phase Brust–

Schiffrin synthesis can assemble into spherical particle networks when treated

with low molecular weight crosslinking agent [106, 107]. When tetraocty-

lammonium bromide-capped AuNPs from this two-phase method are

functionalized in toluene dispersion with multiblock RAFT polymers of styrene,

the formation of spherical AuNP assemblies can be observed by TEM (Fig. 9)

[108]. It can be concluded from these TEM images that the particle density inside

212 C. Rossner and P. Vana



these assemblies decreases when polymers with increasing degree of polymeriza-

tion are employed in NP functionalization reactions. By AFM characterization, it

was possible to determine the three-dimensional shape of these structures after

drop-casting from dispersion and solvent evaporation. It was found that these

objects partly preserve a globular structure, which is indicative of NP crosslinking,

as bonded particles are prevented from slipping when interconnected. The spherical

superstructures can be further agglomerated into chain-like structures by addition of

a non-solvent [104].

7 Branched Polymeric Architectures

Branched polymers are fundamentally different from linear polymers, which were

discussed in previous sections: Polymers of linear topology contain two end groups,

whereas multiple end groups are present in branched architectures, which allows

incorporation of multiple functional groups into macromolecules of globular shape.

Branched polymers can therefore be considered as promising macromolecular NP

linkers. The branching points can be statistically distributed over the macromole-

cules (hyperbranched polymers, HBPs), occur strictly regularly leading to genera-

tional structures (dendrimers), or branches can be joined at a common core (star

polymers).

Fig. 9 (a–c) TEM images of AuNP networks obtained by treating TOAB-capped AuNPs in

toluene with multifunctional RAFT polymers of styrene. The degree of polymerization of the

polymeric particle linker increases from a to c. Adapted with permission from [108]. Copyright

2013 American Chemical Society
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Branched polymers can still attach to surfaces via one or multiple branches. It is

possible to attach an HBP to an inorganic particle with only one of its branches if an

ATRP initiator is immobilized on a surface, followed by polymerization of an

initiator–monomer [109]. HBP with multiple anchor sites for NPs was prepared by

Fredericks and coworkers [110], who produced hyberbranched RAFT polymer by

copolymerization with a difunctional monomer. The RAFT agent was of the TTC

type and also contained an alkyne moiety in its RAFT leaving group; both func-

tional groups are known to attach to gold surfaces. Addition of these polymers to

AuNPs from citrate reduction resulted in the formation of nanohybrid particles with

unbound TTC and alkyne groups on their surfaces. These available functional

groups could be used for the attachment of citrate-capped AuNPs, resulting in

crosslinked AuNP nanoassemblies. In a subsequent study [111] by the same

authors, it was shown that the structure of these nanoassemblies varies with the

macromolecular architecture of the HBP: With low numbers of branches (and

consequently a low number of anchoring sites for gold), the nanoassemblies

showed a plate-like morphology, whereas for a higher number of branches, globular

assemblies with densely packed AuNPs were found. Because the approach intro-

duced in these studies allows the attachment of further particles to a scaffold of

nanohybrid particles, it could also allow the attachment of particles of a different

type to this scaffold architecture, leading to hierarchical multicomponent

nanostructures. Such nanostructures can be realized using this approach by treating

larger (48 nm) citrate-stabilized AuNPs with HBP to create nanohybrids acting as

the scaffold, and then adding smaller (15 nm) citrate-capped AuNPs after purifica-

tion of the initial nanohybrids [112]. The approach resulted in the formation of

planet–satellite nanostructures; varying the stoichiometric ratio of the two types of

inorganic particles employed could control the average number of satellite particles

in these arrangements.

Another key parameter of such multicomponent particle architectures is the

average interparticle distance. This parameter can be tightly controlled if RAFT

star polymers with TTC groups on their exterior are used to interconnect two

different types of AuNPs, as shown by Rossner and Vana [113]. In this study,

particles from citrate reduction (14 nm) were treated with four-arm star polymers of

NiPAAM of varying molecular weight to form nanohybrid scaffold architectures. It

was shown by TEM analysis that the thickness of the coating polymer shell

increased strictly with increasing star polymer molecular weight. The purified star

polymer nanocomposites could then be treated with AuNPs from the two-phase

Brust–Schiffrin method to obtain planet–satellite arrangements with set planet–

satellite distances (Fig. 10).
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Fig. 10 Top: Synthetic scheme for the fabrication of planet–satellite nanostructures with star

polymers acting as particle linkers, and linear polymers to provide colloidal stability. Bottom:
TEM images of planet–satellite nanostructures. The average molecular weight of the linking star

polymers increases from left to right and from top to bottom. Adapted with permission from

[113]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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8 Conclusion

As indicated by the title of the chapter, we have restricted ourselves to a discussion

of polymeric systems realized via controlled radical polymerization. There is a

plethora of articles closely related to the research presented in this chapter; how-

ever, different techniques were employed to produce the polymers used for these

studies. In order to stick with the idea of this chapter, we have not discussed such

papers. One example that illustrates this point is work from Shenhar, Müller, and

coworkers [114, 115]. These authors used anionic polymerization to prepare phase-

separating block copolymers of PS and PMMA for incorporation of NPs into thin

films. They employed interparticle interactions intentionally to achieve even more

control of particle structuring in block copolymer thin films than in the examples

given in Sect. 3: When NPs are used that interact unfavorably with both block

copolymer domains, but less unfavorably with one domain, the NPs are incorpo-

rated into this domain but still have a tendency to separate, leading to hexagonally

close-packed assemblies of NPs inside a specific host domain. It can be shown that

the average distance between particles in these hexagonal arrangements can be

controlled by tuning the length of the ligand attached to the NPs, a principle which

we know from the discussion in Sect. 1.

We have seen in Sect. 1 that nanocomposites with distinct functional groups

repeatedly presented on the surface can be used for specific interactions, which can

lead to applications such as targeting of carcinoma cells. The length of the surface-

bound polymer can be used to encode interparticle spacing in two- and three-

dimensional assemblies, with possible applications in material science. Also, the

scaling of interparticle distance with the molar mass of surface-anchored polymer

contains information about the conformational state of the polymer at the surface.

The set of parameters, which determines the architecture of polymers in

nanocomposites, can be drastically expanded when two types of linear homopoly-

mers are used instead of one (Sect. 2). In such situations, phase separation phe-

nomena can be observed on the surfaces of colloidal particles, and we have seen

how this phase separation can be modulated by the design of the employed

macromolecules. The tendency of two different polymers to separate can also be

exploited by covalently linking two immiscible homopolymers (i.e., by preparing

diblock copolymers, as described in Sect. 3). By carefully adjusting its architecture,

this type of polymer can be used to precisely control the location of inorganic NPs

in a molten or solution state. Related to this is the case of triblock polymers

presented in Sect. 4, whereby additional functionality can be imparted to the

macromolecules through introduction of the third block. By further increasing the

block number (i.e., creating multifunctional polymers, as discussed in Sect. 5), it is

possible to encode polymer loops at surfaces and also to achieve NP crosslinking.

The branched polymeric architectures presented in Sect. 6 can also be considered as

multifunctional polymers, but with a different topology from linear multiblock

polymers. It was shown that it is possible to accurately tune the distances between

216 C. Rossner and P. Vana



two different types of NPs by adjusting the size of the branched polymeric linker

through controlled radical polymerization.

The work done during the last decade and reflected in the literature summarized

in this review therefore suggests that specifically designed macromolecules contain

information that can be translated to the structure of nanohybrids and self-

assembled structures. The encoding of this information with macromolecules

becomes possible through macromolecular design by means of controlled radical

polymerization. Thus, macromolecular design via controlled radical polymeriza-

tion can be considered as a versatile programming language [116, 117] to guide

nanocomposite formation and assembly.

The huge variety of defined nanostructures and materials that can be fabricated

via controlled radical polymerization techniques will probably find applications in a

wide field of different research directions. The possibility of combining several

building units in one device will enable materials scientists to implement multiple

levels of stimuli-responsiveness for the construction of smart materials. Research in

biomedicine can be expected to benefit from the ability to generate defined

nanopatterned surfaces that can play a central role in biophysical investigations.

Also, the potential to create precisely defined confined environments could lead to

nanocontainers as delivery vehicles, theranostic agents, or artificial enzymes.
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