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Surface-Initiated Atom Transfer Radical

Polymerization
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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.
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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]

Surface-Initiated Atom Transfer Radical Polymerization 33



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

a b c

ATRP
ATRP

ATRP initiating site

700°C

Silsesquioxane network

Crosslinking
of the core

APTS OEGMA

Si Si
Si

Si Si

O
Si

SiSi
Si

Si

0
0 0

0 0

0

0

0

0

0

0
0

0

0
Si Si

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]

Surface-Initiated Atom Transfer Radical Polymerization 37



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

40 A. Khabibullin et al.



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]

56 A. Khabibullin et al.



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
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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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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
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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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