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Preparation of multifunctional and well-defined macromolecules requires a smart selection of the most

suitable controlled polymerization technique in combination with appropriate click reactions. In this

review, we provide an overview on the use of various ‘‘clickable’’ initiators and monomers as well as on

the postpolymerization modifications that have been widely used to construct clickable

macromolecules. As such, this contribution will aid polymer chemists to select a suitable combination

of CRP and click methodologies to design the target structures.

1. Introduction

The synthesis of well-defined polymers has been the ultimate

challenge of polymer chemists in the last decades. The develop-

ment of anionic polymerization by Szwarc et al. opened new

avenues and a new field of materials research.1,2 Besides, poly-

meric materials have improved the quality of our lives in all areas

from engineering to electronics and medical applications.3–5

Following the invention of anionic polymerization, other

possible types of living and/or controlled polymerizations,

cationic and radical, have been widely studied.6–9 The most

significant controlled radical polymerization (CRP) techniques

to date could be listed as atom transfer radical polymerization

(ATRP),6–8 nitroxide-mediated radical polymerization (NMP)9,10

and reversible addition-fragmentation chain transfer polymeri-

zation (RAFT).11,12 Each of these techniques requires the use of

a dedicated metal/ligand complex, chain transfer agent (CTA) or

nitroxide mediator to gain control over the polymerization of

various monomeric structures. All these parameters have been

extensively investigated in detail and reported by numerous

research groups. Consequently, nowadays well-defined polymers

can be successfully synthesized and characterized by performing

these techniques under specific conditions.

After significant advances in the controlled/‘‘living’’ radical

polymerization techniques over the last years, functionalization

of the macromolecules has been the following challenge for

polymer chemists. Synthesis of end- or side-functional macro-

molecules has been achieved by using functional initiators,

monomers or end capping techniques. However, these specific

functional groups might have enormous effects on the poly-

merization rate, control over the polydispersity index and the

composition of the polymers. Fortunately, a decade ago, the

click chemistry concept was introduced by Sharpless et al. that

enables nowadays the preparation of not only telechelic polymers

but also side-group functionalized polymers using clickable

initiators, monomers or polymers.13–21 Sharpless and coworkers
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drew attention to several highly efficient organic reactions, such

as the copper-catalyzed [3 + 2] Huisgen cycloaddition reaction

(CuAAC), which has developed into the most widely employed

click reaction.22,23 This reaction requires a copper salt and

a ligand as catalysts but proceeds very rapidly and selectively at

room temperature.24 Several other efficient organic reactions

have been claimed to be ‘‘click’’ reactions since they fulfilled all or

some of the click chemistry criteria, which can be listed as

modular and wide in scope, high efficiency and high yields, no or

inoffensive byproducts, stereospecific, readily available starting

materials and reagents, no solvent or a benign solvent, and

simple purification techniques.17

Metal-free click reactions have attracted the greatest attention

in recent years since they eliminate the main disadvantage of

CuAAC click reactions: the use of a copper catalyst.17,25 This

opens new avenues to rapid and efficient reactions that can be

employed in, e.g., living organisms.26 Several types of metal-free

click-like reactions have been developed and the most prominent

ones are thiol-ene,19,27,28 thiol-yne,29,30 thiol-para-fluoro,31,32 nitrile

oxide-alkyne cycloaddition,33 pyridyl disulfide exchange,34–36 and

Diels–Alder reactions.37–39 These reactions have pros and cons in

comparison to each other. Each of them can be used for certain

monomers, initiators or polymerization techniques. Therefore, one

should carefully design the synthetic route to prepare the desired

functional polymer.

The aim of this review is to provide an insight on the selection

of the most suitable CRP technique and click reaction for the

synthesis of the desired tailor-made macromolecule. The range of

functional initiators and monomers are listed in tables for each

CRP technique. Hereby, click reactions performed before

(‘‘preclick’’) and after (‘‘postclick’’) the polymerization initiated

by a functional initiator or propagated with a functional

monomer are discussed. The special focus will be on the

combinations of CRP and click chemistry techniques rather than

discussing each of them in details.

2. Overview on click reactions used in combination
with controlled radical polymerization techniques

In the following section the click reactions that have been used in

combination with CRP are briefly summarized while referring to

the original literature (Scheme 1).

The most widely applied click reaction has been the copper-

catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) as

shown in Scheme 1.40 Sharpless et al. defined this type of cyclo-

addition as the ideal click reaction and the reaction principle has

been employed in various fields of synthetic chemistry, i.e.

medicinal chemistry, polymer chemistry, material chemistry,

inorganic chemistry and, in particular, organic chemistry.13 This

reaction proceeds very rapidly in aqueous medium and even

under ambient conditions. The major drawback of this reaction
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is the necessity of using a copper salt, which requires a purifica-

tion step following the click reaction.41

Nevertheless, this drawback can be overcome by choosing

alkynes with higher reactivity. For instance, cyclooctyne deriv-

atives can undergo strain-promoted azide-alkyne click reactions

in biological environments.42 Similarly, electron-deficient

alkynes and activated alkynes also provide highly efficient reac-

tions.43 Apparently, alkyne compounds play a crucial role in

many different click-like reactions. As an example, Tunca and

Hizal et al. demonstrated the synthesis of A2-B2 4-miktoarm star

copolymers using the Glaser coupling as an alkyne-alkyne

homocoupling reaction (AAC),44 which is a copper-catalyzed

reaction that reaches completion at room temperature in three

days.45 Recently, Lutz and Heaney et al. reported the cycload-

dition of alkynes with nitrile oxides (NOAC)46 in combination

with CRP as a potential click reaction.33 This reaction proceeds

at room temperature, in polar medium, in the absence of tran-

sition metal catalyst, in high yields and is highly regiospecific.

Besides alkynes, also nitriles can react with azides in a zinc-

catalyzed cycloaddition47 and can be used in combination with

CRP.48

Alkynes do not only react with azides49 or its own kind but also

react with thiols, known as thiol-yne click reaction.29,30 This

represents a very efficient reaction and results in addition of two

thiol compounds per alkyne molecule, which can be either added

by a base-catalyzed Michael addition or by a photo-initiated

Scheme 1 Schematic representation of the click reactions that have been used in combination with controlled radical polymerization techniques.
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Anti-Markovnikov-addition.29,50 Thiol compounds have been in

the focus of click reactions in the last couple of years due to their

high reactivity towards common functional groups, i.e. alkene,

alkyne, isocyanate and pentafluorophenyl.51 The thiol-ene click

reaction has been utilized by several groups for the synthesis of

dendrimers, the side-chain functionalization of well-defined

backbones and for the synthesis of block copolymers.19,28,52

Advantages and disadvantages of this type of click reaction have

been discussed in several review articles.10,53 Other thiol-based

click reactions can be counted as thiol-maleimide addition

(MAdd),28 thiol-isocyanate addition54 and pyridyl disulfide

exchange (PySS).36 Thiol-terminated polymers can be easily

obtained by RAFT polymerization of a wide range of monomers

and a subsequent cleavage of the chain transfer agent. However,

hetero Diels–Alder (HDA) reaction using a dedicated chain

transfer agent can been employed without a transformation of

the RAFT agent to prepare AB block copolymers.55 Commonly,

the Diels–Alder reaction (DA) has been employed to construct

miktoarm star polymers56 or to engineer self-healing polymers by

reversible crosslinking.57

A frequently used reaction for bioconjugation is the oxime

formation (Oxim) that has been applied in the conjunction of

carbonyl-functionalized proteins and aminoxy-functionalized

polymers.58 Furthermore, the ring-opening reaction of epoxides

as a well-known spring-loaded reaction13 is used in combination

with the CRP of glycidyl methacrylate mostly to introduce other

clickable functionalities59 or for attachment on surfaces.60

In practice, some combinations of click reactions and CRP

techniques are most commonly applied which will be discussed in

detail in the following sections.

3. Strategies towards clicked polymer architectures

There are at least four common ways to combine controlled

radical polymerization techniques and click chemistry to

construct various clicked polymeric architectures. Thereby, each

approach has its inherent drawbacks and amenities. The strate-

gies are summarized in Scheme 2 and will be discussed in

a general way in the following.

3.1 Postclick strategy

By using functional initiators or monomers with clickable

moieties for controlled radical polymerizations, clickable poly-

mers can be achieved to construct various architectures by

clicking post to the polymerization.

As a limitation, the clickable functionality must not interfere

with the polymerization process or has to be protected to gain

control over the polymerization and, thus, yielding well-defined

polymers with high functional group fidelity up to sufficient

monomer conversions. Moreover, most functional monomers or

initiators are not commercially available and have to be

synthesized prior to the polymerization.

The clickable polymer represents a platform for versatile click

functionalization, while retaining the polymer characteristics i.e.

chain length, monomer composition and molar mass dispersity.

Herein, the approach has a wide scope by means of construction

flexibility, in contrast to the preclick approach (see below), since

different functional polymers can be prepared from a single

batch of a clickable macromolecule. Furthermore, the same

molar mass and its distribution allow for a better comparison of

changes related to the functionality.

The postclick approach offers high functional group fidelity

compared to the postmodification approach. In particular, for

the polymerization of clickable monomers each repeating unit of

the resultant polymer bears the clickable unit in contrast to a

prefunctional homopolymer that have to be modified with the

clickable moiety after polymerization. Accordingly, using a-

functionalized initiators each chain is monoterminal-functional-

ized, while end-group functionalization via the postmodification

are limited by the yield of the final modification step.

3.2 Preclick strategy

Clicked polymeric architectures can be also obtained by using

functional initiators or monomers with clickable moieties that

are clicked prior to the polymerization in a so-called ‘‘preclick’’

route. This method is predominantly used if the clickable units

interfere with the radical process or the temperature of the

polymerization and can not be sufficiently protected.

As a limitation, the clicked moiety must be stable under the

applied polymerization conditions. It should be mentioned that

Diels–Alder adducts tend to undergo retro Diels–Alder reactions

at elevated temperatures and, hence, are not in principle

amenable for this strategy. However, the stability range of the

Diels–Alder adducts is strongly system dependent.61,62 Recently,

some literature examples discussed the polymerizability and

stability of related clicked initiators and monomers. Maleimide

functionalities are often protected by the reversible Diels–Alder

reaction with furan to make it more compatible with radical

polymerization processes, which was demonstrated by Sanyal and

coworkers using a furan-maleimide methacrylate. This monomer

was polymerized by a free radical polymerization procedure at

65 !C and deprotected via retro-DA at 125 !C.63 Syrett et al.

reported an ATRP reaction with a clicked initiator linked via the

maleimide-furan adduct, where the polymerization was success-

fully performed at 50–60 !C and the retro Diels–Alder reaction

occurred at 120 !C.64 By using a clicked initiator with the mal-

eimide-anthracene adduct significantly higher thermal stability

was observed upon the retro Diels–Alder reaction. In addition,

Barner-Kowollik et al. investigated a hetero Diels–Alder cyclo-

adduct of a dithioester and cyclopentadiene that was rapidly

formed at room temperature and cleaved above 80 !C.65 By

contrast, the Huisgen 1,3-dipolar cycloaddition of alkynes with

azides represents a prominent reaction for this strategy, since the

triazole ring is stable under the typically applied polymerization

conditions. Furthermore, the bulkiness of the clicked unit should

Scheme 2 Schematic representation of the strategies towards clicked

architectures.

This journal is ª The Royal Society of Chemistry 2010 Polym. Chem., 2010, 1, 1560–1598 | 1563

D
ow

nl
oa

de
d 

on
 0

9 
N

ov
em

be
r 2

01
0

Pu
bl

ish
ed

 o
n 

20
 S

ep
te

m
be

r 2
01

0 
on

 h
ttp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

0P
Y

00
16

8F
View Online

http://dx.doi.org/10.1039/C0PY00168F


not disturb the polymerization process by causing slow propaga-

tion or deactivating of the catalytic system.

In case the clicked monomers can be successfully polymerized

via CRP, this procedure provides the highest control over the

incorporation of the clicked functionality into polymeric archi-

tectures, while having the lowest scope by means of construction

flexibility:

On the one hand, the click reaction has been performed with

small molecules (monomers or initiators) that can be easily

purified and analyzed. Hereon, subsequent polymerization is

carried out with less reactive material leading to high functional-

group fidelity, whereby no further functionalization is required.

However, in order to obtain clicked architectures with different

clicked functionalities, the click reaction as well as the poly-

merization has to be carried out for each clicked architecture.

This method has been successfully employed for the preparation

of comb-shaped polymers with almost quantitative functionali-

zation of each repeating unit.66,67

3.3 Simultaneous/one pot strategy

In many cases the catalyst used in the ATRP polymerization, i.e.

CuBr/PMDETA (N,N,N0,N0 0,N00 pentamethyldiethylene tri-

amine), is the same as for the click reaction that allows a simul-

taneous/one-pot process of polymerization and click reaction.

The combination of the Cu(I)-catalyzed Huisgen cycloaddition

and a CRP process allows the one-pot synthesis of a wide range

of products, i.e. a-functional- (clickable initiator), grafted-

(clickable monomer), star-shaped polymers and polymeric

networks, respectively. The simultaneous process means that

CRP and click reaction occur at the same time during the poly-

mer synthesis. In contrast to a one-pot process, whereas at first

the polymerization and then the click reaction are performed or

vice versa (subsequent addition of the second compound). The

advantage of this strategy in contrast to the ‘‘preclick’’ or

‘‘postclick’’ way is that for clicked polymeric architectures only

one synthesis step and one purification step is required. However,

it should be noted that the click reaction generally proceeds much

faster than the ATRP and, thus, most click coupling reactions

will occur during the initial stages of the polymerization.

The first example of this combined route was demonstrated by

Haddleton et al. in 2005 using an azide-functionalized ATRP

initiator for the polymerization of methyl methacrylate as indi-

cated by a linear relationship of the first order kinetic plot. The

efficiency of the click reaction was investigated in the presence of

alkyne-functional dyes.68 Another example of simultaneous click

and CRP with an unprotected propargyl methacrylate was also

reported by Haddleton et al. It was shown that the copper-cata-

lyzed azide-alkyne click reaction proceeds much faster compared

to the ATRP.69 The authors could also show that the ratio of rate

constants for the polymerization and the click process can be

controlled by varying the solvent, the temperature or the concen-

tration of the catalyst. Thus, it was demonstrated that the rate of

CuAAC in DMSO is slower than the polymerization, whereas in

DMF or toluene the click reaction is faster than the polymeriza-

tion. The measured PDI values of the synthesized copolymers were

found to be below 1.3.69 As a limitation, the clickable functionality

must be used without a protection group to allow the Huisgen

cycloaddition and, hence, side reactions can occur.

Also the one-pot/tandem process is often used for the prepa-

ration of clicked polymeric architectures by using ATRP poly-

merization and CuAAC. This approach uses the same catalytic

system for both the click reaction as well as ATRP, but

sequentially. Thereby, both ways are possible: At first the click

reaction followed by the polymerization or vice versa (in the

manner that the second compound was added later). In contrast,

if all components are added at once, the click reaction can be

performed at room temperature, while after full conversion, the

temperature was raised to initiate the polymerization.70 In all

cases well-defined copolymers were obtained. Dubois et al. dis-

cussed these different routes and showed that both the preclick as

well as the one-pot route give similar results in molar mass and

PDI values, whereby the postclick route leads to an increase of

the polydispersity index from 1.3 to 1.5.70

3.4 Postmodification strategy

Prefunctional polymers with latent groups prepared by CRP can

be modified with clickable moieties to obtain clickable polymers.

The modification reaction must be efficient, since it correlates to

the fidelity of functional groups in the modified polymer. Mostly,

purification steps are necessary, since even efficient modification

reactions are not quantitative. In this case, modification as well

as clicking are carried out at the polymer, which might compli-

cate in principle the purification and analysis. In particular,

incomplete modification is critical for pendant functional poly-

mers, since the unreacted functionalities are attached to the same

polymer backbone as the converted ones and, thus, can not be

separated as it can be done for endgroup-modified polymers.

As an advantage, the starting materials by means of initiators

and monomers are in most cases commercially available or can

be easily synthesized allowing for large scale experiments. This

approach can be used for terminal and pendant functionalized

polymers, except for comb-shaped polymers, since electronic and

steric effects may hinder full transformation. This method is in

particular suitable for clicked architectures where the clickable as

well as the clicked moiety interfere with the polymerization

process.

It should be noted that in a narrower sense the described

reactions are defined as click reactions for the conjunction of

small molecules, since they feature among other characteristics

a high efficiency and selectivity allowing for the equimolar usage

of the click counterparts. However, the conjunction of polymers

using these reactions leads not always to full conversion probably

due to sterical hindrance or affected diffusion of the polymer

chains.53 To drive the reaction to completion, an excess of one

clickable polymer can be used. If the click reaction is completed,

the typical problems of purification due to the equal solubility

behavior of both product and educt polymer can be overcome by

adding a click-functionalized resin containing the click counter-

part related to the excess one.71,72 The subsequent purification of

the desired clicked architecture can be then easily performed by

filtration of the clicked resin.

4. Clickable initiators

The use of functional initiators in controlled radical polymeri-

zation processes lead to terminal-functionalized polymers in one
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D
ow

nl
oa

de
d 

on
 0

9 
N

ov
em

be
r 2

01
0

Pu
bl

ish
ed

 o
n 

20
 S

ep
te

m
be

r 2
01

0 
on

 h
ttp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

0P
Y

00
16

8F
View Online

http://dx.doi.org/10.1039/C0PY00168F


step. Thereby, two possible routes can be employed using clickable

initiators. As illustrated in Scheme 3, click reactions can be per-

formed either after the polymerization (postclick) or prior to the

polymerization (preclick). For ATRP initiators only a-clickable

polymers are inherently possible in one step. With the ability of the

synthesis of initiators/transfer agents for NMP and RAFT with

functional groups on both the initiating as well as on the mediating

fragment the toolbox expands and u-clickable polymers as well as

a,u-clickable polymers are accessible in a one step procedure. The

advantage of the clickable initiator approach compared to the

clickable monomer route is the lower concentration of the click-

able unit. Hence, side reactions are reduced and protection is not

strictly necessary while leading to a controlled polymerization with

a high degree of functionalization of the clickable moiety. In the

following, an overview of potential clickable initiators is given and

is summarized in Tables 1 to 7. Possible combinations and the

restrictions of CRP and click reactions are discussed. Unless

otherwise noted, all selected initiators belong to the postclick

approach.

4.1 Atom transfer radical polymerization (ATRP)

ATRP is the most widely employed CRP technique using the

clickable initiator approach because of the easy preparation of

functional initiators. Different types of initiators are discussed in

the following subsections (Tables 1–3).

Alkyne-functionalized initiators. The first report on the

combination of click chemistry and a controlled radical poly-

merization technique was published by van Hest et al. in 2005

showing the facile approach towards block copolymers via the

azide-alkyne cycloaddition.73 By using propargyl 2-bromoisobu-

tyrate (Entry 1) as clickable initiator terminal alkyne-functional-

ized polystyrenes and polyacrylates were synthesized. The initiator

is based on a common ATRP initiator group, which is an a–halo

ester. The terminal alkyne was protected with a trimethylsilyl

group (TMS) to prevent possible side reactions under the poly-

merization conditions: (i) Complexation with the copper cata-

lyst,73–75 (ii) subsequent homocoupling of alkynes,44 (iii) chain

transfer by hydrogen abstraction from the alkyne76 and interfer-

ence with propagating radicals leading to crosslinking.77

Nevertheless, the TMS group was found to be instable under the

polymerization conditions using CuBr/PMDETA as catalyst that

leads to a loss of protecting group up to 70%.78 The loss was

ascribed to a nucleophilic attack to the TMS group by one of the

nitrogen atoms of PMDETA. As a consequence, the less nucleo-

philic ligand bipyridine (bpy) was chosen to reduce the depro-

tection although it is not the optimum catalyst for ATRP reactions

and does not avoid the decomposition completely.78 Another

strategy uses the more stable triisopropylsilyl group (TIPS) instead

of TMS revealing no loss during the polymerization.78 This might

be due to the bulky character of the protecting group that hinders

the nucleophilic attack of the metal/ligand complex. The alkyne-

functionalized initiators bearing either a chlorine or a bromine

atom as an initiating moiety were frequently reported for the

polymerization of styrene, acrylates, methacrylates and N-iso-

propylacrylamide, whereby in some cases the terminal alkyne was

protected with TMS33,44,76,79,80 or not protected.81–86 Haddleton

and coworkers used the unprotected alkyne initiator depicted in

Entry 1 for the random copolymerization of methyl methacrylate

(MMA) and hostasol methacrylate (HMA) (Mn" 15 000 g mol#1,

PDI" 1.2–1.3).82 The a-functionalized fluorescent copolymer was

clicked onto cotton and both Wang and Merrifield resins using the

Huisgen [2 + 3] cycloaddition. Recently, Tunca and coworkers

used the protected initiator (Entry 1) for the preparation of block

copolymers of styrene and divinylbenzene to form multiarm star

polymers with terminal alkyne groups.87–89 At first, styrene was

polymerized to obtain linear alkyne-functional PS (up to Mn "
6 000 g mol#1, PDI " 1.1). Subsequently, the prepared PS was

used as macroinitiator in the polymerization of divinylbenzene

leading to a crosslinked second block that form the core of the

multiarm star polymer (up to Mw " 250 000 g mol#1, PDI " 1.2).

Besides the initiator depicted in Entry 1, its analogue prop-

argyl 2-halopropionate (Entry 2) was also used as clickable

initiator for the polymerization of acrylates and NIPAM without

any protection.90,91

In most cases of the unprotected initiators, good control over

the polymerization was achieved yielding alkyne-functional

polymers with low PDI values. In these cases, the undesired chain

transfer and termination reactions are suppressed to a negligible

amount by decreasing the reaction time84 and keeping the poly-

merization at low conversions to reduce the termination reac-

tions at the u-end of the chain. The bromine atom is often

substituted in a postmodification reaction with sodium azide to

yield heterotelechelic polymers bearing an alkyne and an azide

end group, respectively. Furthermore, side reactions involving

the alkyne functionality were suppressed by using low alkyne

concentrations according to a high monomer-to-initiator ratio92

or by using relatively low temperatures,85,91 i.e. 40 !C for the

polymerization of tBMA85 or NIPAM.91 In contrast, the poly-

merization of styrene was conducted for 6 h at 90 !C with the

initiator depicted in Entry 1 as nonprotected alkyne initiator

revealing significant termination reactions as indicated by SEC

measurements.86 It should be noted that direct polymerization

throughout the triple bond is hindered, because radical transfer

reactions from the styrene or methacrylate radical are suppressed

by their low reactivity (Q-values, r-values).

Most of the alkyne-functionalized ATRP initiators are based on

the a-halo isobutyrate group. This class of alkyl halides possesses

high activation rates due to the suitable radical-stabilization

Scheme 3 Schematic representation of the strategies using clickable

initiators.
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effects of the tertiary carbon and the vicinal ester group resulting

in a high initiation efficiency, which is required to control molar

masses and molar mass distributions.93 In most of the present

cases, this type of initiator is used for ATRP regardless of the

polymerized monomer class, e.g. styrenes, acrylates or methacry-

lates. However, normally the initiator structure is carefully chosen

for each given monomer and its reactivity.6,93 Therefore, special

focus appear not to be on the optimal initiator structure for

Table 1 Alkyne-containing initiators for ATRP (poC " postclick, prC " preclick, simult " simultaneous)

Entry Structure Click CRP Monomer Strategy Ref
(Abbr./Entry)

1

CuAAC ATRP St, MA, OEGA tBA,
NIPAM, tBMA,
DEAEMA, HMA

poC 73,76,78–81,
83–89,103,104

AAC ATRP St poC 44
NOAC ATRP St poC 33

2 CuAAC ATRP NIPAM, EEA poC 90,91

3 CuAAC ATRP NIPAM, 46, 53 prC 95

4 CuAAC ATRP St, tBA, MMA simult 96

5 CuAAC ATREP St, VBA, 50 simult 83

6 CuAAC ATRP St poC 97

7 CuAAC ATRP St poC 98

8 CuAAC ATRP MMA prC 99

9

CuAAC ATRP St, MMA, tBA poC 71,94,100
ROP DMAEMA,

NIPAM
ATRP St prC 101
ROP

10 CuAAC ATRP tBA poC 102
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control, but on the accessibility of an alkyne-functionalized one.

Practically, a-bromoisobutyryl bromide is commercial available

and is mostly functionalized via esterificiation reaction with

propargyl alcohol.

The most widely employed catalytic system is CuBr and

PMDETA again regardless of the initiator or monomer type.

Besides, other catalytic systems, e.g. CuCl/tris(2-(dimethyla-

mino)-ethyl)amine (Me6TREN) for the polymerization of

NIPAM91,94 or 1,1,4,7,10,10-hexamethyltriethylenetetramine

(HMTETA),44 could provide better control over the polymeri-

zations. The catalytic activity of the metal complex and, hence,

the ability to control the polymerization can be correlated to the

ability to stabilize the Cu(II) oxidation state, thus forming

a reducing Cu(I) complex.93 The polymerization can proceed

relatively fast even at low temperatures when a catalyst with

a high activity is used.6 PMDETA is a good ligand for Cu(I) with

moderate activity between the less active bpy (two magnitudes

lower in activation rate) and the more active Me6TREN (two

magnitudes higher in activation rate) and, therefore, can be used

for a wide range of monomers.93

Besides the attachment of propargyl alcohol, the alkyne

moiety can also be incorporated onto an ATRP initiator by the

reaction of propargyl amine with a-haloisobutyryl halides. An

example is shown in Entry 3.95 Hereby, a combination of the pre-

and the postclick approach was utilized. The initiator was clicked

prior to the polymerization with azide-functionalized dansyl as

a fluorescent label. By using this compound as initiator in ATRP

different random copolymers of alkyne- or azide-functionalized

acrylamides were obtained: Poly(NIPAM-r-propargylacrylamide)

(Mn " 20 000 g mol#1, PDI " 1.3) and poly[NIPAM-r-(3-azido-

propylacrylamide)] (Mn " 10 000 g mol#1, PDI " 1.2). The

pendant clickable polymers were attached onto an azide-func-

tionalized silica particle in an elegant layer-by-layer click approach

to yield thermoresponsive microcapsules after removal of the silica

template.95

In Entry 4 an initiator is shown where the alkyne is linked to

the mediating bromide via an o-nitrobenzyl ester as a photo-

cleavable group.96 The initiator was used in a one-pot click-CRP

reaction for the polymerization of either St, tBA or MMA in the

presence of azide-functionalized PEO or PS to prepare photo-

cleavable block copolymers as clicked structures with the

labile group between the polymer blocks: PEO-b-PS (Mn "
38 000 g mol#1, PDI " 1.2), PEO-b-PtBA (Mn " 63 000 g mol#1,

PDI " 1.2), PS-b-PMMA (Mn " 38 000 g mol#1, PDI " 1.2–1.3).

Table 2 Azide-containing initiators for ATRP (poC " postclick, prC " preclick, simult " simultaneous)

Entry Structure Click CRP Monomer Strategy Ref

11 CuAAC ATRP DMAEMA, St poC 92,106,107

12

CuAAC ATRP MMA,
DEAEMA,
HEMA,
KSPMA,
HMA,
NIPAM,
DMAEMA,
DEAM, St

poC, simult 68,82,94,109–112

13 CuAAC ATRP NIPAM poC 113

14 CuAAC ATRP NIPAM poC 110

15 CuAAC ATRP St, nBMA poC, prC 114

16 CuAAC ATRP DEGMA poC 104
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The initiator can bear more than one alkyne functionality.

Multifunctional initiators can be used to create two or three

dimensional architectures such as star polymers or networks.

The initiator depicted in Entry 5 contains two bromoiso-

butyrate groups as well as two propargyl groups (unprotected

alkynes) and is used in atom transfer radical emulsion poly-

merization in water to synthesize crosslinked nanoparticles of

styrene and vinylbenzyl azide.83 An example that can be

better analyzed by means of molar mass and its poly-

dispersity index is described for the initiator depicted in Entry

6 bearing both two alkyne and two bromoisobutyrate groups.

The polymerization of styrene was carried out for 2 h at

110 !C without the protection of the terminal alkyne groups

(Mn " 4 000 g mol#1, PDI " 1.1–1.2), while the subsequent

alkyne-azide cycloaddition leads to figure-of-eight-shaped

polymers.97

Another alkyne-functionalized initiator (Entry 7) is function-

alized with one bromoisobutyrate as well as two propargyl

groups.98 Thereby, one alkyne moiety was clicked with an azide-

functionalized poly(ethyleneglycol) (PEG) and was subsequently

utilized in the polymerization of styrene without protecting the

second alkyne moiety that resulted in a ‘‘tadpole-shaped’’

architecture after the second click reaction.98

In addition, a trialkyne-functionalized initiator (Entry 8)

was synthesized by the substitution reaction of propargyl

bromide with pentaerythritol followed by the attachment

of a-bromoisobutyryl bromide on the remaining alcohol

groups.99 The initiator was used in a preclick approach: First,

azido-PS prepared by RAFT (Mn " 2 500 g mol#1, PDI "
1.1) was clicked onto the initiator. Thereby, the molar mass

distribution increased to 1.2 due to the presence of small

amounts of macroinitiator, where only two PS-chains were

attached. Subsequently, the PS-macroinitiator was used in

the polymerization of MMA to yield 4-arm stars (Mn "
34 000 g mol#1, PDI " 1.3–1.4). The high polydispersity was

assigned to a lack of control in the initial stages of the

polymerization.

Furthermore, alkyne-functionalized initiators were combined

with other polymerization techniques or methods by incorpo-

rating, e.g., alcohol groups for ring-opening polymerization

(ROP) (Entry 9), whereby the polymerization techniques do not

interfere with each other and can be applied simultaneously100 or

subsequently.101 Besides the incorporation of a-haloisobutanoyl

halides (halide " Cl, Br) into small molecules they can also be

incorporated into alcohol-functionalized polymers to form

ATRP macroinitiators as shown in Entry 10.102 In this example,

polystyrene was synthesized via anionic polymerization and

functionalized with propargyl bromide and a-bromoisobutanoyl

bromide to provide an alkyne-functionalized ATRP macro-

initiator. Polymerization of tBA yielded mid-chain alkyne-

Table 3 Other click-functionalized initiators for ATRP (poC " postclick, prC " preclick)

Entry Structure Click CRP Monomer (Abbr./Entry) Strategy Ref

17 DA ATRP tBA, MMA poC 115,117,120,121,125
prC 64MAdd ATRP OEGMA, 45, SMA
poC 66,122,123

18 MAdd ATRP NIPAM prC 35,58

19 DA ATRP St, MMA poC 87,89,121,124,125

20 DA ATRP St – 126

21 Thiol-ene ATRP St, MMA poC 127

22 PySS ATRP St, tBMA, MMA poC 34,128,129
prC 35,58

23 Oxim ATRP NIPAM, HEMA, OEGMA poC 131,132
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functionalized PS-b-PtBA block copolymers (Mn " 15 000 g

mol#1, PDI " 1.2–1.3).

Azide-functionalized initiators. The cycloaddition counterparts

to the alkyne-functionalized initiators are azide-functionalized

ones. The common procedure for their syntheses is the func-

tionalization of a basic framework with (i) an azide via substi-

tution reaction of an alkyl halide with sodium azide and (ii) with

a-haloisobutyrate as the ATRP initiating fragment via esterifi-

cation of an amine or alcohol function.

One can mistrust the requirement of azide-functionalized

initiators, since the azide functionality can be easily and effi-

ciently introduced by substitution of the mediating halide with

sodium azide. However, the degree of azide functionalization

that can be reached with the initiator approach is higher

compared to the postmodification route. The reason lies in the

nature of controlled radical polymerizations: Termination reac-

tions always occur and, hence, not all polymer chains retain the

halide at the u-terminus which is the bottleneck for the degree of

functionalization that can be reached via postmodification. In

contrast, using functional initiators, every chain that is initiated

by the initiator bears the azide moiety at the a-terminus inde-

pendently from termination reactions.

The azide moiety is used without protection during polymer-

ization, although some side reactions were described: (i) Cycli-

zation reactions between the azide and the propagating radical

that causes low initiator efficiency,68,92 (ii) 1,3-cycloaddition of

azides with the double bond of the monomer occurs in the

absence of a catalyst at high temperatures and long reaction

times, at which the amount decreases in the order of acrylates >

acrylamides [ methacrylates > styrenes.105

To reduce the side reactions to a negligible amount, short

reaction times92,106 and low temperatures92,107 are preferably

used. It was shown that the polymerization at room temperature

completely suppressed side reactions involving the azide.108

Hence, monomer classes are favored that can be polymerized at

moderate temperatures.

In contrast, it was shown that the azide group does not act as

an initiating species itself as indicated by controlled polymeri-

zations with an azide-containing initiator.92

The initiator structure depicted in Entry 11 (top) was used

for the polymerization of N,N-dimethylamino-2-ethyl meth-

acrylate (DMAEMA)92,106 in THF with CuBr/HMTETA at

60 !C in a controlled way (PDI " 1.1–1.3). However, the

initiator efficiency was low (f " 0.4) due to intramolecular

cyclization at the early stages of the polymerization involving

the azide and the propagating radical.92 Therefore, the ‘‘pre-

click’’ method was utilized to circumvent these side reactions as

the azide-functionalized initiator was ‘‘clicked’’ onto an alkyne-

functionalized poly(3-caprolactone) (PCL). As expected, an

increase in the initiation efficiency to f" 0.85 could be observed

when using the ‘‘clicked’’ PCL macroinitiator.92 This is a good

example where the preclick method is used since the postclick

route failed in parts due to side reactions involving the clickable

unit.

The initiator structure depicted in Entry 11 (bottom) con-

taining a cleavable p-alkoxybenzyl ester was used in bulk poly-

merization of styrene at 90 !C, whereby no termination reactions

were observed (Mn " 4 000 g mol#1, PDI " 1.1–1.2).107

The spacer between the initiating fragment and the azide

function seems to have a significant influence on the initiation

efficiency in terms of intramolecular cyclization: The initiator

depicted in Entry 12 shows, despite a controlled polymerization

of MMA (Mn " 6 000 g mol#1, PDI " 1.2–1.3), a reduced initi-

ation efficiency for the hexyl spacer (70 to 80%) compared to

the propyl spacer (100%).68 Hence, the initiator efficiency can

be optimized by choosing an initiator structure by means of

a spacer that prevents cyclization in the early stages of the

polymerization.

In Table 2, 3-azidopropyl 2-bromoisobutyrate (APBIB) has

been the most widely used azide-functionalized initiator (Entry

12, n " 1). Controlled polymerization of St (Mn " 4 500 g mol#1,

PDI " 1.3),109 NIPAM (Mn " 10 000 g mol#1, PDI " 1.1–1.2),110

and DMAEMA (Mn" 10 000 g mol#1, PDI" 1.1–1.2) have been

reported.111

Moreover, Haddleton and coworkers used the azide-func-

tionalized initiator depicted in Entry 12 for the random copoly-

merization of MMA and hostasol methacrylate (HMA) (Mn "
8 000 g mol#1, PDI " 1.2).82 The a-functionalized fluorescent

copolymer was clicked onto cotton and both Wang and Merri-

field resins using Huisgen [2 + 3] cycloaddition.

In addition, Topham and coworkers have polymerized a

number of acrylates and methacrylates (MA) in a controlled way

using APBIB as initiator:112 2-Aminoethyl methacrylate hydro-

chloride (Mn " 7 000 g mol#1, PDI " 1.1–1.2), 2-(diethyl-

amino)ethyl methacrylate (DEAEMA) (Mn " 21 000 g mol#1,

PDI " 1.3), DMAEMA (Mn " 7 000 g mol#1, PDI " 1.3),

2-hydroxyethyl methacrylate (HEMA) (Mn " 7 000 g mol#1,

PDI " 1.3), 2-hydroxypropyl methacrylate (HPMA) (Mn "
5 000 g mol#1, PDI " 1.2), 2-(methacryloyloxy)ethyl phosphoryl-

choline (Mn " 15 000 g mol#1, PDI " 1.2), glycerol mono-

methacrylate (Mn " 11 000 g mol#1, PDI " 1.2), potassium

3-sulfopropyl methacrylate (KSPMA) (Mn " 20 000 g mol#1,

PDI " 1.2), and methyl chloride-quaternized 2-(dimethylamino)-

ethyl methacrylate (Mn " 5 000 g mol#1, PDI " 1.2).

Furthermore, 2-chloropropionamide linked with an ethyl

spacer to the azide moiety (Entry 13) was utilized in the

controlled polymerization of NIPAM (Mn " 12 000 g mol#1,

PDI " 1.3).113 The N,N-diazido-2-chloropropionamide

(Entry 14) was used in the polymerization of NIPAM to

incorporate two azide functionalities on the same chain end

(Mn " 10 000 g mol#1, PDI " 1.1)110 In this way, 3-arm star

polymers can be prepared.

Besides the initiators discussed above, there are also azide-

functionalized macroinitiators available. An elegant example

of a multi-clickable initiator that is attached to a carbon

nanotube (CNT) is shown in Entry 15.114 Poly(glycidyl

methacrylate) (PGMA) is functionalized in a ring-opening

reaction with sodium azide and subsequently reacted with

2-bromoisobutyryl bromide to yield a multi-clickable poly-

meric macroinitiator. This multiazide-functionalized polymer

was clicked onto a multialkyne-functionalized CNT, whereby

the excess of azide functions over the alkyne ones preserve

free azides on the surface of the carbon nanotube. This coated

CNT was used to click PEG in a grafting-onto approach as

well as to polymerize St or nBMA in a grafting-from

approach to yield amphiphilic polymer brushes on carbon

nanotubes.

This journal is ª The Royal Society of Chemistry 2010 Polym. Chem., 2010, 1, 1560–1598 | 1569

D
ow

nl
oa

de
d 

on
 0

9 
N

ov
em

be
r 2

01
0

Pu
bl

ish
ed

 o
n 

20
 S

ep
te

m
be

r 2
01

0 
on

 h
ttp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

0P
Y

00
16

8F
View Online

http://dx.doi.org/10.1039/C0PY00168F


A similar macroinitiator was prepared from a copolymer

(PEG-b-PGMA), whereby the poly(glycidyl methacrylate) was

functionalized in a ring-opening reaction with sodium azide and

subsequently reacted with 2-bromoisobutyryl bromide to yield

a multi-clickable polymeric macroinitiator (Entry 16).104 Poly-

merization of DEGMA yielded azide-functionalized PEO-b-

[PGMA-g-(N3)(PDEGMA)] (Mn " 52 000 g mol#1, PDI " 1.2).

In a grafting-onto approach alkyne-functionalized PDEAEMA

was attached via click reaction to obtain coil-rod double

hydrophilic diblock copolymers.

Maleimide-functionalized initiators. Another frequently used

click reaction is the Diels–Alder reaction that becomes more and

more prominent in combination with controlled radical poly-

merizations in the field of material science.57,115–121

A widely used example is the [4 + 2] cycloaddition of

maleimide and anthracene, whereby both moieties can be used as

clickable functions attached to common ATRP initiators. The

maleimide function must be protected, since it can act as a

polymerizable monomer leading to crosslinking and a significant

decrease of clickable fidelity after polymerization.122 Therefore,

the maleimide is protected prior to the polymerization via Diels–

Alder reaction with furan that can be easily cleaved after the

polymerization in a retro Diels–Alder reaction by heating the

protected polymer. Besides, the maleimide can also undergo

Michael addition with thiols as a Michael acceptor (Entry 17,

18).35,58,66,122,123

An often used maleimido initiator is depicted in Entry 17. In

general, the maleimide was attached to 2-bromoisobutyrate in

a stepwise fashion. At first, maleic anhydride reacts with furan to

protect the double bond. Subsequently, the imide was formed

with ethanolamine under reflux and as the last step commercially

available 2-bromoisobutyryl bromide was reacted.122 This pro-

tected initiator was utilized via the postclick approach in

the homopolymerization of MMA115,117,120,121 (up to Mn "
3 000 g mol#1, PDI " 1.1–1.2), OEGMA (up to Mn "
32 000 g mol#1, PDI " 1.2),122 (2,2-dimethyl-1,3-dioxolan-4-

yl)methyl methacrylate (up to Mn " 35 000 g mol#1, PDI "
1.2),122 t-butyl acrylate (tBA)115 (up to Mn " 3 000 g mol#1,

PDI " 1.2) and the random copolymerization of different

methacrylates66,123 containing protected alkyne, ketosol and

hostasol or rhodamine B as fluorescent dyes (Mn" 10 000 g mol#1,

PDI" 1.2). In none of these cases, side reactions were observed or

discussed. Furthermore, this initiator was used in preclick

approaches by Haddleton and coworkers for the polymerization

of MMA at 50 !C (up to 55 000 g mol#1, PDI < 1.2).64 Thereby, the

alcohol-functionalized maleimide was clicked via DA reaction

with an alcohol-functionalized furan or anthracene moiety and

was subsequently reacted with 2-bromoisobutyryl bromide to

obtain clicked dual-initiators with ATRP-mediating moieties on

both click counterparts.

The anthracene-functionalized initiator depicted in Entry 19

was synthesized from commercially available 9-anthraceneme-

thanol and 2-bromoisobutyryl bromide124 and was utilized in the

homopolymerization of MMA87,124 (up to Mn " 30 000 g mol#1,

PDI " 1.1) and styrene121 (Mn " 5 000 g mol#1, PDI " 1.1).

Tunca and coworkers used the initiator shown in Entry 19 for

the preparation of block copolymers of styrene and divinylben-

zene to form multiarm star polymers with terminal anthracene

groups.125 At first, styrene was polymerized to obtain linear

anthracene-functional PS (up to Mn " 6 000 g mol#1, PDI " 1.1).

Subsequently, the prepared PS was used as macroinitiator in the

polymerization of divinylbenzene leading to a crosslinked second

block that form the core of the multiarm star polymer (up to Mw"
75 000 g mol#1, PDI " 1.5). Furthermore, anthracene functional

PS (prepared with the initiator shown in Entry 19) as well as

alkyne functional PS (prepared with the initiator shown in Entry

1) were used as macroinitiators for the ATRP of divinylbenzene

yielding multiarm star polymers with terminal alkyne and

anthracene groups (Mw " 250 000 g mol#1).89 The orthogonality

of the two clickable groups were utilized in a sequential double

click reaction to selectively attach azide-functionalized PtBA and

maleimide-functionalized PMMA.

In addition, commercially available 9-chloromethylan-

thracene was applied as initiator in the polymerization of

styrene (Mn " 4 500 g mol#1, PDI " 1.2) using CuCl/bpy as

catalytic system in THF (Entry 20).126 Although the prepared

polymers were not yet applied in a Diels–Alder reaction, the

terminal anthracene moiety represents a potential group for

this click reaction.

Ene-functionalized initiators. Since the thiol-ene reaction is

a rather new type of click reaction, only one example of an ATRP

initiator was published so far to the best of our knowledge (Entry

21).127 Hawker and coworkers reported an alkene-containing

a-bromoisobutyrate type of initiator. The polymerization of St

and MMA was carried out yielding terminal alkene-functional-

ized polymers. In a postmodification reaction with sodium azide,

the u-bromide could be easily exchanged with an azide moiety to

form a heterotelechelic clickable polymer. The orthogonality of

the subsequent thiol-ene and CuAAC click reaction was proven

by stepwise ‘‘clicking’’, whereby the thermal thiol-ene reaction

was preferred due to possible side reactions of the alkyne during

UV-light exposure.

Pyridyl-disulfide-functionalized initiators. Another click-like

reaction that is used in combination with ATRP is the pyridyl

disulfide exchange which is important in particular in bio-

conjugation.128,129 It is a metal-free reaction and can be

considered as a click reaction in a broader sense. The reaction

is not an oxidative radical coupling reaction of thiols but

a nucleophilic exchange reaction, whereby the formed thiolate

must be a good leaving group. It is reported that pyridyl

disulfides are known to undergo direct coupling with free

thiols under ambient conditions in bioconjugation, whereby

2-pyridinethione is released as a good leaving group.34 The

pyridyl disulfide moiety can be considered as a protected thiol

and can be used in radical polymerizations. However, side

reactions in terms of chain coupling and transfer involving the

disulfide were observed at high conversions and at high

amounts of catalyst (catalyst to initiator ratio of 1 : 1). Side

reactions could be reduced by using less catalyst130 (catalyst to

initiator ratio of 1 : 0.2) or by changing the catalytic system

from CuBr/bpy to CuCl/bpy34 which decreases the amount of

free radicals.

An ATRP initiator with a pyridyl disulfide moiety is depicted

in Entry 22 and was introduced by Maynard and coworkers.34

It was used for the homopolymerization of MMA (Mn "
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10 000 g mol#1, PDI " 1.2), N-acetyl-D-glucosamine-function-

alized methacrylate128 (Mn " 13 000 g mol#1, PDI " 1.1),

N-hydroxysuccinimidyl methacrylate129 (Mn " 10 000 g mol#1,

PDI " 1.3), 2-THP-protected HEMA129 (Mn " 10 000 g mol#1,

PDI" 1.3), t-butyl methacrylate (tBMA)129 (Mn" 5 000 g mol#1,

PDI" 1.5), HEMA34 (Mn" 16 000 g mol#1, PDI" 1.2–1.3), and

St129 (Mn " 13 000 g mol#1, PDI " 1.2).

In contrast to these postclick approaches for bioconjugation

also the preclick approaches are conducted with retention of the

bioactivity.35 As advantages of the grafting-from approach

the following issues can be pointed out: (i) The purification of the

bioconjugate from catalyst and monomer is simplified compared

to the purification from the polymer in the grafting-onto

approach and (ii) the placement of the polymer is predetermined

facilitating the synthesis and characterization.58 Herein, 2-bro-

moisobutyrate as an ATRP initiator functionalized with either

pyridyl disulfide (Entry 22) or maleimide (Entry 18) was clicked

prior to the polymerization onto the free cystein of a protein

(Bovine Serum Albumin or T4 lysozyme). Using these protein

macroinitiators NIPAM could be polymerized in situ (PDI "
1.3).35,58

Initiators for oxime formation. A well-known reaction in bio-

conjugation is the oxime formation of aminooxy-functionalized

compounds with carbonyl-containing proteins. Due to the

tolerance of functional groups in controlled radical polymeri-

zations, a-functionalized polymers could be synthesized using

t-butoxycarbonyl-protected (Boc) aminooxy-initiators for ATRP

as shown by Maynard and coworkers.131,132 Thereby, no termi-

nation reactions occurred during the polymerization induced by

the protected aminooxy functionalization. After polymerization

the aminooxy group can be easily deprotected with trifluoroacetic

acid. As depicted in Entry 23, the aminooxy moiety was linked via

a tetra(ethylene glycol) spacer to either 2-bromoisobutyrate for the

polymerization of methacrylates or 2-chloropropionate for the

polymerization of acrylamides. In this way, a-functionalized

polymers were obtained with NIPAM (Mn" 16 000 g mol#1, PDI"
1.1), HEMA (Mn" 40 000 g mol#1, PDI" 1.2), and oligo(ethylene

glycol) methacrylate (OEGMA) (Mn" 23 000 g mol#1, PDI" 1.2–

1.3).131,132

4.2 Reversible addition fragmentation chain transfer (RAFT)

In principle, all types of monomers which can be polymerized

by free radical polymerization can also be polymerized by

RAFT using the appropriate type of RAFT agents, i.e.

dithiobenzoates, trithiocarbonates and xanthates.11,12 AIBN

has been the most widely used initiator for RAFT polymeri-

zation. In general, clickable moieties are attached to the

initiating fragment (R group) of the chain transfer agents. The

advantage of the R group compared to the mediating group

(Z group) is the high end-group fidelity of the resulting

polymer. The related clickable CTAs are depicted in Tables 4

to 6.

Alkyne-functionalized CTAs. Alkyne-containing CTAs are

mostly prepared by an esterification of propargyl alcohol with an

activated acid on the RAFT agent. The alternative route is using

a halogen alkyne compound and the potassium salt of the

dithioester or trithiocarbonate via a nucleophilic substitution.

The first report on click chemistry and the RAFT process for

the preparation of diblock copolymers of styrene and vinyl

acetate via polymer-polymer conjugation was provided by

Barner-Kowollik and coworkers (Mn " 12 100 g mol#1, PDI "
1.1–1.2).133

Another combination of click chemistry and the RAFT process

was published by Hawker et al. in 2006 showing the facile

formation of clickable micelles from block copolymers of protected

acrylic acid and styrene polymerized with an alkyne-functionalized

RAFT agent (Entry 24). Azide-alkyne cycloaddition is possible

with the terminal alkyne-functionalized block copolymers.

Protection of the terminal alkyne with the trimethylsilyl group was

not necessary in this case.134

Furthermore, a similar approach to well-defined block

copolymers was reported using a TMS-protected alkyne dithio-

benzoate as shown in Entry 24. Terminal alkyne-functionalized

Table 4 Alkyne-containing chain transfer agents for RAFT (poC " postclick, prC " preclick)

EntryStructure Click CRP Monomer StrategyRef

24 CuAAC RAFT MA, THPA, St, NIPAM poC 133–136,143,144

25 CuAAC RAFT AM, St, MA, 4VP, NIPAM, MMA poC 137–140,145,146
prC 147

26 CuAAC RAFT St, nBA prC 142
Thiol–yne RAFT NIPAM poC 141

27 CuAAC RAFT VAc, NVP, St, nBA prC 142
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poly(styrene) was synthesized at 60 !C in a controlled way (Mn "
8 200 g mol#1, PDI " 1.1) and it was shown that the molar mass

linearly increased with monomer conversion.133 The same RAFT

agent was used for the polymerization of an O-methacryloyl

mannose monomer resulting in an alkyne-functionalized glyco-

polymer (Mn" 4 300 g mol#1 and PDI" 1.1–1.2).135 Similarly, an

alkyne-functionalized RAFT agent bearing an unprotected

alkyne group was used for the polymerization of styrene and

Table 5 Azide-containing chain transfer agents for RAFT (poC " postclick, prC " preclick)

Entry Structure Click CRP Monomer Strategy Ref

28 CuAAC RAFT St, VAc, DMA poC 99,133,148

29 CuAAC RAFT St, DMA, NIPAM,
nBA, OEGA

poC 148–152,156

30 CuAAC RAFT NIPAM, DMA poC 105,157,158

31 CuAAC RAFT VAc poC, prC 135,144,153–155

Table 6 Other click-functionalized chain transfer agents for RAFT (poC " postclick, prC " preclick)

Entry Structure Click CRP Monomer Strategy Ref

32 CuAAC RAFT HPMAM, MMA, St,
OEGA, NIPAM

poC 159

33 PySS RAFT nBA, OEGA poC 162,36,163
NIPAM prC 160,161

34 PySS RAFT OEGA, St poC 164

35 HDA RAFT St, iBoA poC 38,39,55,165–170

36 MAdd RAFT NIPAM prC 171
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NIPAM at 70 to 80 !C. Different homopolymers were synthe-

sized in a molar mass range between 2 700 to 3 700 g mol#1 for

poly(styrene) and 4 900 to 11 000 g mol#1 for poly(NIPAM).136

Also a terminal alkyne-functionalized trithiocarbonate (Entry

25) has been used for the RAFT polymerization of different

monomers by Brittain.137,138 For example, surface-mediated

RAFT polymerization of styrene and methyl acrylate resulted in

poly(St-b-MA) with a molar mass of Mn " 34 000 g mol#1.137

Furthermore, the same group reported on the modification of

silica nanoparticles using the tandem approach of RAFT poly-

merization of styrene and click chemistry.138

The chain transfer agent as shown in Entry 25 was clicked to

azido end-functionalized poly(isobutylene) and was subse-

quently used as a clicked macro-RAFT agent for the polymeri-

zation of NIPAM (Mn" 24 800–53 200 g mol#1, PDI < 1.1). First

order kinetic plots for the polymerization of NIPAM were

obtained and revealed that this monomer polymerizes in

a controlled way.139

The alkyne-functionalized chain transfer agent depicted in

Entry 25 was reported by another research group for the poly-

merization of 4-vinylpyridine (NVP) initiated with AIBN at

80 !C resulting in a polymer with a molar mass of 13 600 g mol#1

with a PDI value of 1.4.140

Hyperbranched polymers were prepared by thiol-yne click

chemistry by Perrier et al. using the alkyne-terminated transfer

agent shown in Entry 26. After a postmodification step to cleave

the RAFT agent into a thiol it was clicked (by UV light at room

temperature with yields over 95%) to form a styrene hyper-

branched polymer.141 Furthermore, a xanthate type of RAFT

agent (Entry 27) containing an alkyne group has been used for

the polymerization of VAc and NVP by Klumperman.142 In all

cases, xanthates were first clicked and then used as functionalized

RAFT agents in the polymerization of VAc (Mn" 3 900 g mol#1,

PDI " 1.2–1.3), NVP (Mn " 5 400 g mol#1, PDI " 1.1–1.2),

St (Mn " 7 500 g mol#1, PDI " 1.1–1.2) and nBA (Mn "
10 000 g mol#1, PDI " 1.1).142 Semi-logarithmic kinetic plots

indicated controlled polymerizations using these RAFT agents.

It seems that the protection of the alkyne group is not strictly

necessary. As shown above, there are examples for both pro-

tected and unprotected CTAs demonstrating that polymers with

high end-group fidelity (> 90%) can be prepared. The tempera-

ture and the ratio between the alkyne terminated RAFT agent

and the monomer play an import role to achieve a sufficient

control over the polymerization.

Azide-functionalized CTAs. The common procedure for the

synthesis of azide-containing CTAs is the esterification of 2-

azidoethanol and an activated acid of the RAFT agent. The two

largest classes of RAFT agents (dithiobenzoates and trithiocar-

bonates) have been mostly used as azido-functionalized chain

transfer agents.

The azide moiety is used without protection during the poly-

merization, although some side reactions were described. To

decrease the amount of side reactions, low temperatures and/or

low conversions are favored that will be discussed in the following.

The dithiobenzoate RAFT agents depicted in Entry 28 were

used for the bulk polymerization of styrene at 60 !C and provide

a good control over the polymerization (Mn " 1 900 to

5 300 g mol#1, PDI " 1.1143 and Mn " 3 200 to 11 000 g mol#1,

PDI " 1.1133). Moreover, Sumerlin et al. using the initiator listed

in Entry 28 for the polymerization of St and DMA resulting in

azido functional PS (Mn " 5 500 to 12 000 g mol#1, PDI " 1.1–

1.3) and poly(DMA) (Mn " 10 800 to 21 800 g mol#1, PDI "
1.30).148 A thionaphthoyl RAFT agent containing the azide

functionality (Entry 28) was also used for the polymerization of

styrene in bulk at 80 !C (Mn" 2 400 g mol#1, PDI" 1.1). A linear

relationship in the semi-logarithmic kinetic plot was reported

indicating that the concentration of propagating chains are

almost constant throughout the reaction.99

Among the azide-functionalized RAFT agents belonging to the

class of the trithiocarbonates, the CTA with a C12-side chain is

frequently used for the RAFT polymerization of acrylamides

(Entry 29): First order kinetic plots for this CTA indicate a

constant concentration of propagating chains.148,149 In addition,

Gondi et al. used the initiator depicted in Entry 29 with AIBN

for the controlled polymerization of styrene (Mn " 5 100–

8 600 g mol#1, PDI " 1.1–1.2) and DMA (Mn " 5 000–

10 000 g mol#1, PDI " 1.1–1.2).148 Furthermore, the same group

reported on the synthesis of poly(DMA-b-NIPAM) using this

azido-RAFT agent. In this way, telechelic polymers were synthe-

sized: PNIPAM (Mn " 2 700 g mol#1, PDI " 1.1–1.2), PDMA

(Mn " 4 200 g mol#1, PDI " 1.1) and poly(DMA-b-NIPAM)

(Mn " 6 000 g mol#1, PDI " 1.15).149 In addition, NIPAM was

polymerized with the initiator shown in Entry 29 at 60 !C in

a controlled way resulting in azido end-functionalized polymers

(Mn " 16 300 g mol#1, PDI " 1.1), which were further used for

protein coupling by the copper-catalyzed azide-alkyne cycloaddi-

tion.150 The RAFT agent depicted in Entry 29 was also applied for

the preparation of 3-miktoarm star polymers by using a combina-

tion of RAFT, ring-opening polymerization and click chemistry.

After the polymerization at 70 !C of nBA (Mn " 3 500 g mol#1,

PDI " 1.1), OEGA (Mn " 4 800 g mol#1, PDI " 1.1) or NIPAM

(Mn " 4 600 g mol#1, PDI " 1.1) propargyl diol was clicked to the

azide.151 Furthermore, an azide-functionalized CTA (Entry 29)

was used for the preparation of hyperbranched polymers. For this

purpose, a propagyl acrylate was clicked onto the CTA and

subsequently copolymerized with St or NIPAM.152 Perrier et al.

used a trithiocarbonate (Entry 30) for the RAFT polymerization of

NIPAM (Mn " 2 600–10 600 g mol#1, PDI " 1.1), but side reac-

tions involving the azido moiety occurred such as 1,3-dipolar

cycloaddition with electron-deficient olefins, i.e. NIPAM.105 The

cycloadditions to the triazoline or to the pyrazoline (by a second

addition of NIPAM) were confirmed by high resolution mass

spectrometry.105

As depicted in Entry 31, an azide-functionalized xanthate has

been used for the polymerization of VAc (Mn " 6 800 g mol#1,

PDI " 1.15)135 as well as for grafting to an alkyne side-chain

functional copolymer.153 A xanthate-terminated dextran was

prepared by using click chemistry of an azido RAFT agent shown

in Entry 31. The resulting macro-CTA was used for the bulk

polymerization of VAc resulting in a block copolymer. The molar

mass linearly increased by conversion, although the polydispersity

index was increasing.154 A similar xanthate was used for the bulk

polymerization of VAc at 80 !C resulting in a broader molar mass

distribution at higher monomer conversion (PDI > 1.4).155

Heterodifunctional CTAs for orthogonal click chemistry. A

difunctional CTA with clickable moieties on both the initiating
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as well as on the mediating side was described by Stenzel and

Barner-Kowollik et al. using a RAFT agent that combines click-

able units for dipolar cycloaddition and pyridyl disulfide exchange

as two orthogonal click reactions (Entry 32). The reported RAFT

agent bears an azide and a dithiopyridine group at the R and Z

fragments, respectively. St, NIPAM, and OEGA were polymerized

in a controlled way as indicated by kinetic investigations. In

contrast, the polymerizations of HPMAM and MMA could not be

performed in a controlled manner, since the trithiocarbonate CTA

is less suitable for methacrylates. Well-defined heterotelechelic

polymers were observed for St (Mn" 5 000–14 000 g mol#1, PDI"
1.1), NIPAM (Mn " 3 200–16 200 g mol#1, PDI " 1.12 to 1.14)

and OEGA (Mn " 7 500–12 500 g mol#1, PDI " 1.1).159

Pyridyl-disulfide-containing CTAs. The chain transfer agent

depicted in Entry 33 (top) was used by Davis and coworkers for

the homopolymerization of OEGA.36 The PDI values of the

OEGA homopolymers (Mn " 12 000–34 000 g mol#1) were

smaller than 1.20 for all samples and for one sample of the block

copolymerization with nBA (by increasing the conversion the

molar mass distribution broadened). The high end-group fidelity

of the pyridyl disulfide groups was indicated by 1H NMR spec-

troscopy. Furthermore, the same RAFT agent (Entry 33) was

used by Davis et al. for the polymerization of NIPAM and OEGA

resulting in different molar masses and polydispersity

indices:160–163 POEGA (Mn " 15 500–23 000 g mol#1, PDI " 1.2–

1.3) and PNIPAM (Mn " 5 100–18 000 g mol#1, PDI " 1.2–

1.5).163 The PySS end group is often used for the preparation of

polymer bioconjugates, e.g. with BSA via the free thiol group.

Semilogarithmic kinetic plots are reported for the RAFT poly-

merization of OEGA and NIPAM with the CTA pictured in Entry

33 (top) by Bulmus and Davis showing a linear relationship between

ln[[M]0/[M]t] and reaction time, which indicates a constant level of

radical concentration during the polymerization.163 The symmetric

trithiocarbonate RAFT agents depicted in Entry 34 were used for

the polymerization of OEGA at 70 !C and provide a good control

over the polymerization (Mn " 4 600–23 400 g mol#1, PDI " 1.2–

1.3). With these homopolymers a chain extension using styrene was

performed resulting in block copolymers of type ABA (Mn "
19 100–37 900 g mol#1, PDI " 1.2–1.3).164

Functional CTAs for hetero Diels–Alder reactions. Besides an

alkyne or an azide moiety on the RAFT agent, the C]S double

bond (dienophile) was directly used as a clickable group for hetero

Diels–Alder reactions with dienes (Scheme 1, HDA). This

approach represents a straightforward pathway to block copoly-

mers without an additional synthesis step for a postmodification or

any other preparation step. The first study on this approach was

reported by Barner-Kowollik, Stenzel and coworkers in 2008. The

authors prepared polymer conjugates of PS polymerized by RAFT

and a diene-terminated poly(3-caprolactone). The use of these

electron-deficient dithioesters (Entry 35) allow the polymerization

of styrene in a controlled manner (Mn " 2 200–2 800 g mol#1,

PDI " 1.1).38 This class of RAFT agents was also used for the

polymerizations of St and isobornyl acrylate (iBoA) with different

molar masses (stopped at low monomer conversion to ensure high

end-group fidelity). All obtained polymers were well-defined and

have low polydispersity indices. The prepared polymers were

clicked via the HDA with cyclopentadienyl- or 2,4-hexadiene-

endcapped polymers.38,39,55,165–170

Functional CTAs for Michael addition. A functional CTA for

Michael addition was described by Sumerlin et al. using a RAFT

agent with a maleimide end group (Entry 36). After the modifi-

cation with BSA the RAFT polymerization of NIPAM was

performed resulting in polymer-protein conjugation with a molar

mass of 240 000 g mol#1.171

4.3 Nitroxide-mediated radical polymerization (NMP)

For nitroxide-mediated polymerizations very few examples of

clickable initiators were described up to now. In comparison to

ATRP and RAFT polymerizations, usually higher reaction

temperatures are necessary for NMP. This decreases the number

of suitable click functionalities that can be used during the

polymerization without exceeding acceptable amounts of side

reactions.

It was shown that unimolecular initiators such as phenylethyl-

alkylated 2,2,6,6-tetramethylpiperidinylnitroxide (TEMPO) and

2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) can

be functionalized without influencing the control over the poly-

merization.172–174 Thereby, the functionalization can be per-

formed in principle at the initiating as well as at the mediating

fragment of the alkoxyamine. Until now, clickable moieties are

only attached to the initiating fragment. The advantage of this

side compared to the mediating side is the high end-group fidelity

of the resulting polymer. This is caused by the nature of the NMP

process: The incorporation of a functional group at the initiating

chain end is done in one step, whereas the incorporation of

a certain functionality at the mediating chain end contains many

reaction steps until the final polymer is formed, which increases

the probability of side reactions.

The general synthetic strategy towards a functional unim-

olecular initiator is the radical coupling reaction of TIPNO or of

the commercially available TEMPO with a functionalized vinyl

compound activated by a manganese(III) salen complex

(Jacobsen’s reagent).175 The related clickable initiators for NMP

are shown in Table 7.

Alkyne-functionalized initiators. In Entry 37 an alkyne-func-

tionalized alkoxyamine based on PhEt-TIPNO is shown that was

synthesized according to the general radical coupling of TIPNO

and 4-(trimethylsilylethynyl)styrene that was obtained by

Sonogashira reaction of 2-bromostyrene and trimethylsilyl

acetylene.176

The alkyne was protected with the TMS group to reduce the

possible side reactions under polymerization conditions: (i) chain

transfer by hydrogen abstraction from the alkyne as well as

polymerization along the triple bond leading to cross-

linking76,77,176,177 and (ii) addition of nitroxide radicals to the triple

bond.178 It can be noted that even a small loss of nitroxide during

polymerization has a large impact on the controlled character of

the polymerization, since it shifts the equilibrium towards the free

propagating radical resulting in a significant increase in termina-

tion and transfer reactions in particular at higher conversions.

The protected initiator (Entry 37) was used in the homo-

polymerization of styrene resulting in a-functionalized clickable

PS (Mn " 24 000 g mol#1, PDI " 1.1) after deprotection with

tetrabutylammonium fluoride (TBAF). In contrast to ATRP, no

uncontrolled deprotection of the TMS-alkyne was noticed
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during the polymerization. Furthermore, a combination of

ATRP and NMP with the same initiator is possible as demon-

strated by Tunca and Hizal et al.45,179–181 Although both tech-

niques are radical polymerizations and, hence, might interfere

with each other, they can be applied subsequently: (i) NMP of

styrene can be conducted without affecting the ATRP initiator in

the absence of any metal catalyst45,180,181 and (ii) ATRP of

methacrylate can be conducted at lower temperature (60 !C) at

which the nitroxide is still inactive and not able to mediate

radical propagation.179 Entry 38 shows such an alkyne-func-

tionalized multifunctional initiator for ATRP and NMP.45,179–181

The structure contains (i) 2-bromoisobutyrate as mediator for

the ATRP polymerization of MMA, (ii) TEMPO as mediator for

NMP polymerization of styrene and an unprotected alkyne,

whereas the fragments are linked via ester groups.

The unprotected alkyne is thermally stable up to 125 !C and

the TEMPO-mediated polymerization of styrene seems not to

interfere with the unprotected alkyne. Apparently, even after

17 h at 125 !C the polymerization was controlled and no

significant loss of alkyne was observed for the resulting PS-

macroinitiator (Mn" 10 000 g mol#1, PDI" 1.2) as judged by 1H

NMR spectroscopy and SEC measurements of the subsequent

clicked structure.181 By contrast, the ATRP of MMA was kept

short in every case (30 min at 60 !C) to prevent significant

amounts of side reaction with the catalytic system resulting in

PMMA macroinitiator (Mn " 6 000 g mol#1, PDI " 1.2).179

Table 7 Clickable initiators for NMP (poC " postclick, prC " preclick)

Entry Structure Click CRP Monomer (Abbr./Entry) Strategy Ref

37 CuAAC NMP St poC 176

38 CuAAC NMP St poC 179–181
ATRP MMA

AAC NMP St poC 45
ATRP MMA

39 CuAAC NMP St poC 182–184
ROP 3-CL

AAC NMP St poC 45
ROP 3-CL

40 CuAAC NMP – – 185

41 CuAAC NMP – – 175

42 CuAAC NMP St, tBA poC 174
NMP St, NIPAM, nBA prC 176,188

43 DA NMP St poC 118
ATRP tBA
NMP St prC 119,190
ATRP tBA
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However, the amount of side reactions is negligible in most cases

due to the low concentration of alkyne-containing initiator.

Furthermore, alkyne-functionalized NMP initiators are

combined with other controlled polymerization techniques by the

incorporation of, e.g., alcohol groups for the ring-opening poly-

merization of 3-caprolactone (Entry 39). These polymerization

techniques do not interfere with each other and can be applied

simultaneously182,183 or subsequently.45,184 For the consecutive

procedure, first the ROP of 3-CL with the initiator depicted in

Entry 39 was conducted at 110 !C for 2 h using Sn(Oct)2 as catalyst

(Mn " 4 000 g mol#1, PDI " 1.1) followed by NMP of styrene at

125 !C for 15 h (Mn " 19 000 g mol#1, PDI " 1.3).45,184 On the

other hand, in a simultaneous one-pot approach St and 3-CL were

heated with Sn(Oct)2 for 22 h at 120 !C (Mn " 12 000 g mol#1,

PDI " 1.1).182 For all examples, copolymers of PCL-b-PS with an

alkyne as clickable function at the junction point were achieved,

whereby the alkyne was not protected even in the polymerization

at 120 !C for 22 h. Hence, the alkyne must be stable under the

applied polymerization conditions of NMP and ROP.

In addition, since both polymerization techniques do not

interfere with the azide-alkyne cycloaddition, 3-miktoarm star

terpolymers can be constructed by conducting ROP of 3-CL

(with Sn(Oct)2), NMP of St (with initiator shown in Entry 39)

and either simultaneously (one-pot/one-step) or subsequently

(one-pot/two-step) clicking an azide-functionalized polymer with

CuBr/PMDETA as catalyst.183 Thereby, 3-arm stars of PEG-

PCL-PS (Mn " 14 000 g mol#1, PDI " 1.3) and PMMA-PCL-PS

(Mn " 14 500 g mol#1, PDI " 1.2) with the one-pot/one-step

technique and stars of PtBA-PCL-PS (Mn " 16 000 g mol#1,

PDI " 1.1) and PEG-PCL-PS (Mn " 15 000 g mol#1, PDI " 1.1)

in the one pot/two step approach could be synthesized, respec-

tively.183

Another type of an alkyne-functionalized macroinitiator

(Mn " 7 700 g mol#1, PDI " 1.1–1.2) is depicted in Entry 40,

whereas PiBoA is attached on both the initiating and the medi-

ating fragment of the alkoxyamine.185 The macroinitiator was

obtained by a nitrone-mediated radical coupling reaction of

activated ATRP-made PiBoA (Mn " 4 300 g mol#1, PDI " 1.2)

in the presence of an alkyne-functionalized nitrone. To the best

of our knowledge, this macroalkoxyamine had not yet been used

as initiator in NMP. Nevertheless, it seems to be a potential

candidate, since in a similar approach polystyrene midchain-

functionalized with a parent alkoxyamine (not including the

alkyne moiety) was used as initiator in NMP of St, n-BA

and NIPAM for the chain extension towards ABA triblock

copolymers.186,187

Azide-functionalized initiators. One of the first azide-func-

tionalized structures that is capable for a controlled radical

polymerization was published in 1998 by Hawker and

coworkers.175 In the common procedure (manganese-catalyzed

radical coupling of nitroxides with styrenics for the synthesis of

alkoxyamines) p-chloromethyl styrene was trapped with the

commercial available TEMPO radical after radical activation

and was subsequently reacted with sodium azide to yield an

azide-functionalized initiator (Entry 41). However, this initiator

was up to now to the best of our knowledge neither used in

polymerizations nor used in combination with alkyne-azide

cycloadditions. In this particular case, the azide was used to gain

an amino-functionalization by reduction with lithium aluminium

hydride.

In a similar approach the p-(azidomethyl)phenylethyl-TIPNO

was synthesized, whereby the p-chloromethyl styrene was func-

tionalized with the azide prior to the radical coupling with

TIPNO (Entry 42). The initiator was used in the polymerization

of styrene (Mn " 9 000 g mol#1, PDI " 1.1 after 3 h, 120 !C) and

n-butylacrylate (Mn " 6 500 g mol#1, PDI " 1.2–1.3 after 13 h at

120 !C), whereby the polymerization was controlled and no side

reactions of the azide were discussed.174

In contrast, Voit et al. discussed that the polymerization of

styrene with the azido-functionalized initiator depicted in Entry

42 failed due to the side reactions that were assigned to the

cyclization of the azide with the vinylic double bond of the

monomer.176 Since the azide group is not thermally stable,49

either postmodification or preclick approaches could be

successfully utilized to prepare the a-functionalized polymers. In

the postmodification, p-(chloromethyl)phenylethyl-TIPNO was

used in the polymerization of styrene and the chloro group was

subsequently converted with sodium azide into azide (N3-PS:

Mn " 8 000 g mol#1, PDI " 1.2). Following the preclick

approach, an alkyne-functionalized moiety (Cbz-protected

adenine derivative) was clicked onto the azide prior to the

polymerization of styrene resulting in a-functionalized PS (Mn "
52 000 g mol#1, PDI " 1.2).176

To study the steric and electronic influence of the triazole

moiety for the initiation quality of the alkoxyamine shown in

Entry 42, two different alkoxyamines were synthesized starting

from 4-(chloromethyl)phenylethyl-TIPNO, whereby the chloro

group was substituted either by azide or by 4-azidobenzoate

to vary the distance of the azide to the alkoxyamine skel-

eton.188 Polymerization of NIPAM using these azido-func-

tionalized alkoxyamines as initiators failed in both cases.

Therefore, the azido group was functionalized via 1,3 dipolar

cycloaddition with either a 1,2-dihydroxyalkyl moiety, a bar-

bituric acid moiety or a phenyl moiety. The initiators where

the triazole was directly bound to the alkoxyamine group

showed poor initiation. In contrast, the alkoxyamine with

a rigid spacer revealed good control over the polymerization

of NIPAM (Mn " 5 000 g mol#1, PDI " 1.2) and n-BA

(Mn " 6 000 g mol#1, PDI " 1.2). The poor initiation effi-

ciency in the first case was partly ascribed to an electronic

influence but mostly to intramolecular hydrogen bonding

between the propagating radical and the barbituric acid that

hindered propagation. This was sterically prevented with the

rigid spacer in the second case. In these preclick cases the

azide moiety of the initiator described in Entry 42 opens

the field towards versatile functionalized initiators via the

facile incorporation of functional groups.

Functional initiators for Diels–Alder reactions. Besides an

alkyne moiety also anthracene or furan-protected maleimide

were attached to ATRP-NMP initiators as clickable groups for

Diels–Alder reactions (Entry 43). The synthesis of these mikto-

functional initiator starts from 2,2-bis(hydroxymethyl)propionic

acid as the basic framework,189 where the ATRP-initiating

fragment (2-bromoisobutyrate), the NMP fragment (TEMPO)

and the clickable moiety (protected maleimide or anthracene)

were incorporated by esterification reactions.118,119,190
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The anthracene-functionalized mikto-initiator depicted in

Entry 43 was only used in the preclick approach, whereby the

Diels–Alder reaction was conducted prior to the NMP of styrene

followed by ATRP of tBA. With this strategy, different block

copolymers were obtained: (i) H-shaped terpolymers119

(PS)(PtBA)-PEO-(PtBA)(PS) (Mn " 18 000 g mol#1, PDI " 1.3)

and (PS)(PtBA)-PPO-(PtBA)(PS) (Mn " 31 000 g mol#1, PDI "
1.3) and (ii) 3-miktoarm star polymer190 PEG-PS-PtBA (Mn "
18 000 g mol#1, PDI " 1.3). The protected maleimide-function-

alized miktoinitiator described in Entry 43 was initially used in

the ATRP of tBA (Mn " 4 000 g mol#1, PDI " 1.3) and subse-

quently ‘‘clicked’’ with anthracene-functionalized PCL prior to

the NMP of styrene to obtain a 3-miktoarm terpolymer (PCL-

PtBA-PS) (Mn " 40 000 g mol#1, PDI " 1.7).118 The high poly-

dispersity index was ascribed to a loss of TEMPO during the

Diels–Alder reaction at 100 !C, indicated by a shoulder in the

SEC trace at lower molar masses.

The preclick approach for the anthracene or maleimide moiety

in combination with NMP should be used, since the maleimide

and anthracene moieties cause side reactions under the poly-

merization conditions of NMP. Hence, to the best of our

knowledge no example for the postclick approach is yet reported.

5. Clickable monomers

Clickable monomers can be used to synthesize pendant func-

tionalized polymers (Scheme 4) that can be easily modified in

a grafting-onto approach via click chemistry. Thereby, the

clickable monomer can be homopolymerized or copolymerized

to obtain versatile random-, block- or comb polymers. Most

widely used in controlled radical polymerization processes are

MMA and St derivates.

The polymerization of these click-functionalized monomers

represents often a synthetic challenge, because the clickable unit

as a reactive group is frequently in conflict with the radical

polymerization conditions. In contrast to the initiator approach

a higher amount of side reactions involving the clickable func-

tionality is expected, which is caused by the higher concentration

of the monomer used during the polymerization process

compared to the initiator. This fact is in particularly pronounced

for bulk polymerizations or for side reactions involving besides

the clickable unit other parts of the monomer, e.g. the vinyl

group of azide-containing monomers, where cycloaddition

between the double bond and the azide can occur. To circumvent

such side reactions, either the clickable unit has to be protected,

or polymerization time or temperature have to be reduced.

However, the degree of functionalization is much higher in this

approach compared to the initiator one. Clickable initiators

would provide polymers only with terminal functionalities,

which would be one or two for linear polymers and equal the

number of arms for star-shaped polymers. In contrast, homo-

polymerization of a clickable monomer would yield a polymer

with functionalities as many as the number of repeating units.

The degree of functionality can be decreased by copolymeriza-

tion, which also decreases possible side reactions that are caused

by the clickable monomers. In this section we discuss clickable

monomers according to the functional groups, i.e. alkyne, azide,

diene, thiol, para-fluoro and others. An overview over the

clickable and clicked monomers is given in Tables 8–10.

5.1 Alkyne-containing monomers

The synthesis of alkyne-functionalized monomers is straight-

forward, whereby most synthetic routes involve the esterification

of (meth)acryloyl chloride with propargyl alcohol or propargyl

amine for (meth)acrylates3,66,153,191,192 and acrylamides,95,193

respectively. The propargyl derivatives can be protected by the

reaction with trimethylsilyl chloride and 1,8-dia-

zabicyclo[5.4.0]undec-7-ene catalyzed by silver chloride. The

synthesis of alkyne-functionalized styrene is often accomplished

via the Sonogashira reaction of 4-bromostyrene with (trime-

thylsilyl)acetylene.60,193–195

The protection of acetylene-functionalized monomers by the

alkylsilyl group is of prime importance, because the terminal

alkyne is known to be chemically196 and thermally197 not stable

under the polymerization conditions required for the CRP

techniques.194 However, some researchers have used unprotected

alkynes and indeed demonstrated that the terminal alkyne

undergoes side reactions such as (i) radical addition to the triple

bond,193 (ii) chain transfer,198 (iii) complexation of the terminal

triple bond to copper-based ATRP catalysts and insertion reac-

tions leading to insoluble crosslinked networks.77,193,199,200 In one

of these reports, Matyjaszewski and coworkers reported that the

ATRP of unprotected propargyl methacrylate was hardly

controllable (PDI values > 3), due to the involvement of the

acetylene moiety during the catalyzed radical process.77

Styrenes. The first report on alkyne-functionalized styrene was

reported in 2005 by Hawker and coworkers using protected 4-

(trimethylsilylethynyl)styrene (St-C^C-TMS) (Entry 44) in

nitroxide-mediated polymerizations for the preparation of co-

and terpolymers.193 By utilizing the PhEt-TIPNO alkoxyamine

as unimolecular initiator, poly(St-co-St-C^CH) (Mn "
47 000 g mol#1, PDI " 1.2), poly(St-C^CH-co-DMAM) (Mn "
40 000 g mol#1, PDI " 1.2) and poly(St-r-St-C^CH-r-HEMA)

(Mn " 32 000 g mol#1, PDI " 1.2) could be prepared in

a controlled manner, whereby the alkyne monomer was incor-

porated into the polymers up to 10%. Without TMS-protection,

significant amounts of crosslinked polymers at a higher content

of alkyne-functionalized monomer or at high conversion were
Scheme 4 Schematic representation of the strategies via clickable

monomers.
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observed. The efficiency and the orthogonality of the alkyne-

azide click reaction were proven by one-pot functionalization

either in a cascade or in a simultaneous approach. In related

work, Voit et al. synthesized poly(St-r-St-C^CH-r-GMA) (Mn

" 30 000 g mol#1, PDI " 1.3) random terpolymers via NMP

using the TMS-protected alkyne monomer. The deprotection

with TBAF was performed without affecting the glycidyl moiety

resulting in a pendant functionalized terpolymer bearing two

orthogonal clickable moieties.60

Furthermore, St-C^CH was used for the preparation of

poly(tBOSt-b-[St-co-St-C^CH]) (Mn " 60 000 g mol#1, PDI "
1.3–1.4) and poly(pHSt-b-[St-co-St-C^CH]) (Mn " 26 000 g

mol#1, PDI " 1.2) diblock terpolymers which were applied in

block copolymer lithography.195,201

In addition, St-C^C-TMS was used in the synthesis of

amphiphilic diblock terpolymers consisting of a hydrophilic

poly(acrylic acid) block and a hydrophobic copolymer poly(St-co-

St-C^CH).194 Since acrylic acid can not be directly polymerized in

a sufficiently controlled way with NMP202 – due to decomposition

of the nitroxide under acidic condition – one can use the protec-

tion/deprotection strategy. First, a PtBA-macroinitiator was

applied in the nitroxide-mediated polymerization of St and St-

C^C-TMS leading to poly(tBA-b-[St-co-StC^CTMS]) (Mn "
32 000 g mol#1, PDI " 1.2–1.3). However, deprotection of the

PtBA block to PAA leads to a significant loss of alkyne func-

tionality even of the protected one. Therefore, tetrahydropyran

acrylate (THPA) was used which can be deprotected under milder

conditions, but this compound was not stable under the temper-

ature required for NMP. The P(THPA) macroinitiator could be

polymerized via RAFT at 70 !C and was used in the copolymer-

ization of styrene and 4-(trimethylsilylethynyl)styrene. Following

the deprotection amphiphilic block copolymers PAA-b-[PS-co-

PSC^CH] (Mn " 16 000 g mol#1, PDI " 1.2) were obtained that

are capable to form micelles with a clickable hydrophobic

core.194,203

In the discussed cases protected St-C^CH was incorporated

up to 20% in a statistical copolymerization with styrene. This

might be sufficient for the specific attachment of functional

groups by clicking, but for the tailoring of macroscopic proper-

ties homopolymers with pendant alkyne groups seem to be more

promising. Voit and coworkers showed that by increasing the

amount of protected 4-ethynylstyrene the control of nitroxide-

mediated polymerization with PhEt-TIPNO as unimolecular

initiator is lost indicated by polydispersity indices around 1.9 and

large differences of the calculated molar masses to the observed

ones for the homopolymer of poly(St-C^C-TMS).195 The authors

assigned the loss of control to a shift of the active-dormant species

equilibrium towards the active side caused by sterical hindrance

and also to the recombination of the nitroxide and the TMS group

of the propagating 4-(trimethylsilylethynyl) styrene radical. This

assumption is supported by the fact that a controlled polymeri-

zation is obtained if an excess of free nitroxide is added to the

polymerization medium. This shifts the equilibrium back to the

dormant side and results in the synthesis of well-defined poly(St-

C^C-TMS) (Mn " 3 500 g mol#1, PDI " 1.2).195

To circumvent the sterical hindrance during the polymerization

as well as to provide enhanced accessibility to the alkyne for the

postmodification, 4-(30-trimethylsilyl-ethynylmethoxy)styrene (St-

OMe-C^CTMS) containing a methoxy group as a flexible spacer

was investigated (Entry 45). The synthesis of the monomer was

performed by a substitution reaction of 4-hydroxystyrene with

propargyl bromide and subsequent protection with TMS. The

homopolymerization proceeded in a controlled manner without

the necessity of any free nitroxide (poly(St-OMe-C^CTMS):

Mn " 6 000 g mol#1, PDI " 1.2–1.3). Besides, the TMS group is

labile under basic and acidic conditions prohibiting the use of

acetic acid as a polymerization enhancer. Moreover, the TMS

group is thermally labile and a partial loss of the protecting group

was observed for the reaction at 120 !C. Unfortunately, the more

stable t-butyldimethyl-silyl (TBDMS) or triisopropylsilyl (TIPS)

protected monomers could not be synthesized. With St-OMe-

C^CTMS as monomer in hand the following diblock

copolymers were synthesized: poly(tBOSt-b-St-OMe-C^CH)

(Mn " 52 000 g mol#1, PDI " 1.2), poly(AcOSt-b-St-OMe-

C^CH) (Mn" 21 000 g mol#1, PDI" 1.4) as well as poly(pHSt-b-

St-OMe-C^CH) (Mn " 16 000 g mol#1, PDI " 1.2).195,201

Not only nitroxide-mediated polymerization but also the

RAFT polymerization technique was used for the preparation of

diblock copolymers poly(St-b-St-OMe-C^CH) with a trithio-

carbonate RAFT agent.201 Although alkyne-functionalized

ATRP initiators are widely used for the polymerization of styrene,

no alkyne-functionalized styrene derivative was polymerized via

ATRP so far. A reason for that might be the higher polymeriza-

tion temperature for the ATRP of styrene compared to other

monomer classes promoting side reactions. It can be noted that the

partial loss of the trimethylsilyl-protecting group at elevated

temperatures leads to a higher amount of terminal acetylene

compared to the initiator approach, which might cause a signifi-

cant loss of control due to interference with the copper catalyst.

Acrylates. There are only a few examples using propargyl

acrylates in CRP. A possible reason for that is the less control-

lable polymerization of acrylate monomers which can undergo

some side reactions due to the formation of mid-chain radicals in

poly(acrylates) (intermolecular transfer of radicals) resulting in

branching and scission.204 The triple bond at the monomer makes

it even more difficult to gain contol over the molecular structure.

The unprotected propargyl acrylate depicted in Entry 46 was

copolymerized with acrylic acid at 60 !C by Caruso et al. using

the RAFT method with a trithiocarbonate CTA resulting in

a broad molar mass distribution (Mw" 86 000 g mol#1 and a PDI

value of 2.2).205 In addition, a similar copolymer was prepared

using a trithiocarbonate CTA yielding a copolymer with a molar

mass of Mn " 53 000 g mol#1 and a polydispersity index of 1.9.

The broad mass distribution is attributed to branching of the

unprotected alkyne-functionalized monomer.206

Furthermore, TMS-protected propargyl acrylate was

randomly copolymerized with tBA using PhEt-TIPNO as initi-

ator for NMP by Malkoch and coworkers, but no detailed

discussion was provided regarding the obtained molar masses

and polydispersity of the isolated polymers.193

Methacrylates. The TMS-protected propargyl methacrylate

(Entry 47) can be polymerized under usual polymerization

conditions for CRP (60–85 !C).3,153,191,192,207,208 This type of

monomer was mostly polymerized by ATRP or RAFT. In the

case of RAFT polymerization a dithiobenzoate as chain transfer

agent and AIBN as radical source was used. It is reported that for
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the homopolymers molar masses up to 10 000 g mol#1 are

achievable.153 The polymerizations were carried out for 3 to 16 h

with protection of the terminal alkyne group resulting in well-

defined polymers (PDI < 1.3). Also some block and random

copolymers were prepared with different comonomers (MMA,

OEGMA).208 A kinetic study for propargyl methacrylate (Entry

47), including semilogarithmic kinetic plots of the RAFT poly-

merization of the propargyl methacrylate and the silyl-protected

monomer was reported by Barner-Kowollik and coworkers. The

authors demonstrated that the protected monomer polymerizes

at a much lower rate than the nonprotected monomer.153,191

Another RAFT copolymerization of the unprotected methacry-

late (Entry 47) and MMA or GMA showed that the PDI values

increase (PDI " 1.6–2.0, Mn " 15 000–25 000 g mol#1) and that

under these polymerization conditions side reactions such as

transfer and insertion reactions occur.199

TMS-protected propargyl methacrylate was also polymerized

by ATRP. The first contribution was reported by Haddleton and

coworkers using CuBr/N-ethyl-2-pyridylmethanimine as cata-

lytic system. Kinetic studies indicated a living process and SEC

measurements of the resulting polymers revealed a good control

over the polymerization (PDI < 1.3).3 This monomer is also used

for the synthesis of block copolymers with poly(3-caprolactone)

as macroinitiator. A block copolymer (Mn " 14 100 g mol#1,

PDI " 1.2) was obtained after the deprotection with TBAF and

followed by the alkyne-azide cycloaddition leading to a func-

tional graft copolymer.192

Drockenmuller et al. reported an in situ approach of ATRP

polymerization and copper-catalyzed azide-alkyne click reaction

using propagyl methacrylate as clickable monomer. The resulting

functionalized copolymers revealed a broader molar mass

distribution (PDI " 1.3–2.1) due to the use of unprotected

alkyne.209

Acrylamides. The protected alkyne-functionalized acryla-

mide shown in Entry 48 is polymerized by ATRP using

CuBr/Me6TREN as catalytic system and dansyl-bromide as

initiator at 0 !C with NIPAM as comonomer (Mn " 13 900–

19 600 g mol#1, PDI " 1.2–1.3).95

Additionally, the protected acrylamide was copolymerized

with (N,N-dimethyl)acrylamide and TMS-protected 2-(hydroxy-

ethyl)methacrylate via NMP using PhEt-TIPNO as initiator to

prepare water-soluble random terpolymers.193

Acrylonitrile. The acrylonitrile monomer (AN) can be used

without further functionalization for click reactions (Entry 49)

since it contains nitrile groups which can be used for 1,3 dipolar

cycloadditions with azides. Since this cycloaddition belongs to

the list of reactions defined as click reaction by Sharpless and

coworkers,13 acrylonitrile can be in principle considered as

a clickable monomer.

Acrylonitrile was polymerized via ATRP using 2-bromopro-

pionitrile as initiator and CuBr/bpy as catalytic system by Du

Prez and Matyjaszewski. The initiator contains the monomer

group as initiating fragment that posses equal radical reactivity

as the monomer itself providing fast initiation.48 Thereby,

poly(acrylonitrile) PAN (Mn" 40 000 g mol#1, PDI" 1.1) as well

as poly(AN-b-St) (PDI " 1.1) and poly(AN-r-St) (Mn "
8 500 g mol#1, PDI " 1.1) were prepared. For the block

copolymer, first a PAN-macroinitiator was prepared followed by

the polymerization of styrene as the second block to ensure high

initiating rates and, hence, a narrow molar mass distribution.48

In addition, acrylonitrile was polymerized via NMP using

TEMPO/dibenzoylperoxide (BPO) as bimolecular initiator for

the polymerization of the random copolymer poly(St-r-AN)

(Mn " 10 000 g mol#1, PDI " 1.3–1.4) and the diblock polymer

poly(St-b-[St-r-AN]) (Mn " 87 000 g mol#1, PDI " 1.2) that was

initiated with a PS-macroinitiator.210 Thereby the control

increases with the content of acrylonitrile in the acrylonitrile/

styrene feed.

Regarding possible postmodifications, it should be noted that

the pendant nitrile group in polymeric materials is up to now

efficiently modified only to the corresponding tetrazole ring using

the reaction with sodium azide and zinc chloride as catalyst in

DMF 120 !C for 40–50 h.48,210 Herewith, the nitrile-azide

cycloaddition is used to modify macroscopic properties rather

than to place functional groups or to attach polymeric side

chains.

The reason for this limitation lies within the nature of the ring

formation of the tetrazoles: To allow an efficient ring formation

under mild conditions, the azide should not be sterically hindered

(which limits the use of polymeric azides), while the nitrile group

has to be electron-poor (e.g. tosylnitrile), which is not sufficiently

fulfilled for the nitrile group along the backbone of (poly)-

acrylonitrile.49,211,212

However, with the efficient modification to the corresponding

tetrazole ring the macroscopic properties of the prepared diblock

copolymers changes: (i) solubility and swellability in protic

solvents increase, (ii) the morphology changes, since the tetrazole

formation increases the incompatibility between the blocks210

and (iii) the temperature stability for the tetrazole-modified

material significantly decreases (by 60–120 !C) compared to the

nitrile-based polymer.48

Vinylacetylene. The TMS-protected vinylacetylene (Entry 50)

was polymerized using the ATRP process by Matyjaszewski.213

This monomer was copolymerized with MMA using CuBr/2,20-

bipyridine catalyst and ethyl 2-bromoisobutyrate as initiator in

anisole. Different environmental parameters such as temperature,

time or ratio of copper to ligand to initiator were varied resulting

in different polymers (Mn " 5 000–12 000 g mol#1, PDI "
1.1–1.5).213

Alkyne-functionalized maleimide (Entry 51) will be discussed

in Section 6.1.2.7.

5.2 Azide-containing monomers

Azide-containing monomers based on (meth)acrylates or

(meth)acrylamides are prepared by an esterification of 2-azi-

doethanol or 3-azidopropylamine with a (meth)acryloyl chloride

or an activated acid of (meth)acrylic acid.77,90,108,217–220 In addition,

the route starting from the 2-hydroxyethyl methacrylate to the

corresponding azide via the Mitsunobu reaction is described.221 In

the case of azide-functionalized styrene, the alkyne functionality is

incorporated via substitution reaction of 4-vinylbenzyl chloride

with sodium azide.83
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The used temperature represents an important criterion for the

controlled polymerization of these monomers. The instability of

the azide group at elevated temperatures is described, resulting in

(i) the decomposition with evolution of nitrogen to form reactive

nitrenes that undergo insertion reactions49,217,222–225 or (ii) cyclo-

addition with the monomer to form triazolines.49,105,108,226,227

Both side reactions result in the formation of a crosslinked

polymer. The higher concentration of azide groups in the

Table 9 Azide-containing clickable monomers (poC " postclick, simult " simultaneous)

Entry Structure Click Strategy CRP Initiator/CTA (Abbr./Entry) Comonomers Ref

52 CuAAC simult ATREP 5 St 83

53 CuAAC poC ATRP EBiB, TosCl, MMA, DMAEMA, tBMA 77,90,209,220,221
RAFT CDB, CBDN, CPADB MMA 108,207,219,221

54 CuAAC poC RAFT BICDT, CPDB MMA, MA, St 217

55 CuAAC poC ATRP 3 NIPAM 95
RAFT CPADB NIPAM, DMA 218

Table 10 Other click-functionalized monomers (poC " postclick)

Entry Structure Click Strategy CRP Initiator/CTA Comonomers Ref

56 DA poC RAFT BDAT St 228

57 DA poC ATRP EBiB, BBiBE MMA, EHA 57,229–232

58 Thiol ene poC RAFT MCPMDB St 127

59 Thiol ene poC RAFT CPADB – 234

60 Thiol ene poC ATRP EBiB MMA 127

61 Thiol para-fluoro, Amine para-
fluoro

poC NMP Blocbuilder!, PhEt-TIPNO St 31,32

62 Thiol para-fluoro poC ATRP PEB St 216

63 PySS poC RAFT CPADB HPMAM 235,236

64 RO poC NMP

TIPNO

St, MA 9,60
RO poC ATRP EBiB tBMA, MMA 59,114,244
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polymerization solution (1–2 M or bulk) compared to the initi-

ator approach constrains the polymerization conditions of CRP

to lower temperatures to gain sufficient control over the poly-

merization.77,90,95,108,217,219,220 Nonetheless, there are also two

reports published using normal ATRP conditions (65–70 !C)

claiming that the polymerization proceeded in a controlled

manner.207,218 Regarding the orthogonality of ATRP and azide-

containing monomers, it is known for azides to undergo the

Staudinger reaction, i.e. reduction to amines, in the presence of

phosphines that are typically used as ligand for iron complexes as

the ‘‘new generation’’ catalytic systems in ATRP.6,15,49

Styrenes. One example for the simultaneous click chemistry

and atom transfer radical emulsion polymerization (ATREP) is

known for 4-vinylbenzyl azide (Entry 52).83 This method allows

the preparation of crosslinked PS nanoparticles by copolymeri-

zation of 4-vinylbenzyl azide and styrene and an alkyne-con-

taining ATRP initiator with CuBr/PMDETA as the catalytic

system.

Methacrylates. A kinetic study, including semi-logarithmic

kinetic plots of the RAFT polymerization of an azide methac-

rylate derivative (Entry 53) is reported by Benicewicz at different

temperatures and at different monomer conversions. The pseudo-

first-order kinetic plots are reported for 40 !C as well as 30 !C

showing a linear relationship between ln[([M]0/[M]t)] and time,

which indicates a constant level of radical concentration during

the polymerization. At higher temperature (50 !C) a shoulder at

higher molar masses could be observed which was caused by

coupling or branching of the polymer chains. At 30 !C it was

shown that the azide monomer can be polymerized by RAFT with

a dithionaphthalate RAFT agent (Mn " 21 500 g mol#1, PDI "
1.1).108 Benicewicz and coworkers also reported that the RAFT

polymerization of 6-azidohexyl methacrylate showed a linear

pseudo-first-order kinetic plot at 30 !C. It was noted that with

higher monomer conversion (25%) a high molar mass shoulder

was observed by SEC measurements.219 2-Azidoethyl methacryl-

ate (Entry 53) was used for the copolymerization with MMA via

ATRP or RAFT. The copolymer prepared by ATRP had a molar

mass of Mn " 5 400 g mol#1 and a PDI value of 1.2, whereas the

copolymer prepared by RAFT had a molar mass of Mn "
7 100 g mol#1 and a PDI value of 1.4. These copolymers were used

for further functionalization with cyclooctyne derivatives (copper-

free clicking).221 The 4-azidophenyl methacrylate (Entry 54) can be

copolymerized with different monomers in a controlled manner at

room temperature by using a carbodithioate or a dithiobenzoate

as initiator. Methyl acrylate, methyl methacrylate and styrene

have been used as comonomers. The resulting copolymers were

well-defined (PDI < 1.3) and in a molar mass (Mn) range between

3 000 and 16 000 g mol#1.217

With the azide-functionalized monomer depicted in Entry 53

also a tandem click chemistry/ATRP procedure was applied by

Drockenmuller et al. using CuBr/bpy as the catalytic system and

TosCl as the initiator. Different copolymers with MMA were

prepared (Mn < 22 400 g mol#1, PDI " 1.5).209

Acrylamides. There have been two reports published on the

controlled radical polymerization of azido acrylamides (Entry 55).

The first one is reported by Chang et al. for ATRP with a dansyl-

labeled initiator and CuBr/Me6TREN as catalyst. The polymeri-

zation was performed with NIPAM as comonomer at 0 !C to

avoid side reactions (Mn " 9 500–13 300 g mol#1, PDI " 1.2).95 In

another study, the authors polymerized 3-azidopropylacrylamide

by RAFT with DMAM and NIPAM, where 4-cyanopentanoic

acid dithiobenzoate was used as CTA and 4,40-azobis(4-cyano-

pentanoic acid) as initiator to yield random copolymers (Mn "
14 700 g mol#1, PDI " 1.2).218

5.3 Monomers for Diels–Alder reactions

There are only a few examples for clickable monomers (dien-

ophile or diene containing ones) that are suitable for Diels–Alder

reactions. The furfuryl methacrylate is commercially available

and therefore accessible for the controlled polymerization

without further functionalization.

Acrylates. One report was published by Barner-Kowollik and

Stenzel et al. using a hexa-2,4-dienyl acrylate (Entry 56), which

was polymerized by RAFT using a trithiocarbonate chain

transfer agent and styrene as comonomer (Mn " 5 000–

6 000 g mol#1, PDI " 1.2–1.4).228

Methacrylates. Singha et al. polymerized furfuryl methacrylate

(FMA) (Entry 57) by ATRP (catalyst: CuCl/HMTETA, initi-

ator: EBiB) at 90 !C. Moderate levels of monomer conversions

($60%) could be achieved during the homopolymerization of

this type of monomer. Surprisingly, the polymers did not gel and

preserved their low PDI values, which indicated no or negligible

amounts of side reactions involving the addition of radicals to the

furfuryl functionality. Semi-logarithmic kinetic plots revealed that

the polydispersity decreased by increasing conversion.229 None-

theless, well-defined homopolymers (Mn " 6 500 g mol#1, PDI "
1.3) and copolymers with MMA (Mn" 10 000 g mol#1, PDI" 1.3)

were obtained.57,229–231 Furthermore, FMA was successfully used

in the preparation of block copolymers with 2-ethylhexyl acrylate

(EHA) and 1,2-bis(bromoisobutyryloxy)ethane (BBiBE) as initi-

ator.232 The ATRP reaction was conducted at 90 !C using CuCl/

HMTETA as catalytic system. The obtained PFMA-b-PEHA-b-

PFMA (up to Mn " 51 000 g mol#1, PDI " 1.3) was crosslinked

with a bismaleimide to yield materials with self-healing properties.

5.4 Monomers for thiol-ene clicking

In the last years, the thiol-ene click reaction has attracted

significant attention in the field of polymer science. These robust

and efficient reactions have enormous advantages for the

construction of polymeric structures. Recently, several reviews

summarized the power of thiol-ene chemistry.19,28,53,233

Since thiol groups readily undergo side reactions under radical

polymerization conditions, preferably ene-functionalized mono-

mers were synthesized and used as clickable monomers. (Meth)-

acrylates containing a terminal double bond are prepared by an

esterification of an alcohol (e.g. ethylene glycol vinyl ether or 3-

butene-1-ol) with an acid chloride or an anhydride of (meth)ac-

rylate acid.127,234 Styrenes containing a terminal double bond are

synthesized by substitution of a chloride group (e.g. from 4-

vinylbenzyl chloride, using 3-butene-1-ol).127 The controlled

polymerization of this class of monomers is easily possible due to
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the rather low reactivity of the unconjugated alkene group. Thus,

no or less crosslinking occurs during the polymerization.127

Styrenes. There is only one report published for the polymer-

ization of the ene-functionalized styrene derivative depicted in

Entry 58. Hawker et al. reported a RAFT copolymerization to

obtain alkene backbone-functionalized copolymers. The poly-

merization was performed with a dithiobenzoate as CTA at 75 !C

resulting in a copolymer with St of a molar mass of Mn "
14 000 g mol#1 and a PDI value of 1.1.127

Methacrylates. Vinyloxyethyl methacrylate (Entry 59) was

polymerized by the RAFT process using a photoinitiator and a

dithiobenzoate RAFT agent reported by Bulmus and

coworkers.234 Monomodal molar mass distributions were

obtained at low monomer conversions ($25%) that broadened by

increasing the polymerization time resulting in a hyperbranched

polymer due to the incorporation of the vinyl ether group (PDI "
1.3–2.0).234 Controlled polymerization of another alkene methac-

rylate (Entry 60) was described by Hawker and coworkers. The

authors reported on the ATRP of but-3-enyl methacrylate. The

copolymerization with MMA was initiated by ethyl 2-bromoiso-

butyrate and catalyzed by CuBr/PMDETA (Mn" 17 000 g mol#1,

PDI " 1.2).127

5.5 Monomers for para-fluoro substitution

Styrenes. The commercially available pentafluorostyrene

(Entry 61) can be used as a clickable monomer as recently shown

by Schubert and coworkers. Thereby, the para-fluoro atom can be

substituted in a postmodification by functionalized amines or thiols

under mild conditions (see Section 2).31,32 Pentafluorostyrene (PFS)

was polymerized using the commercial available b-phosphonylated

alkoxyamine (MMA-SG1: ‘‘BlocBuilder’’) as unimolecular initiator

for NMP polymerization at 110 !C. Thereby, homopolymer

poly(PFS) (Mn " 3 500 g mol#1, PDI " 1.1), random copolymer

poly(PFS-r-PS) (Mn " 9 000 g mol#1, PDI " 1.1) and diblock

copolymers poly(PFS-b-PS) (Mn " 17 000 g mol#1, PDI " 1.2)

could be prepared, where either a PFS- or a PS-macroinitiator was

used.32 Terpyridine-functionalized PhEt-TIPNO alkoxyamine as

unimolecular initiator was also used for the NMP of PFS at 120 !C

to yield poly(PFS) (Mn" 4 500 g mol#1, PDI" 1.1) and poly(PFS-

b-PS) (Mn " 10 000 g mol#1, PDI " 1.2).31

The pentafluorophenyl-functionalized maleimide (Entry 62)

will be discussed in Section 6.1.2.7.

5.6 Monomers for pyridyl disulfide exchange

In entry 63 a monomer is shown, where the pyridyl disulfide

moiety is linked to methacrylate. The PySS group can be

exchanged in a postmodification or premodification step by thiol

functional compounds under mild reaction conditions, because

of the facile leaving character of the 2-pyridinethione. The release

of 2-pyridinethione allows the monitoring of the PySS exchange

by UV/vis spectroscopy. This procedure is often used for the

preparation of polymer bioconjugates (e.g. with oligopeptide) or

for anticancer drugs, such as doxorubicin linked via the free thiol

group.235,236

The monomer was used in RAFT polymerization with

CPADB as CTA. These polymers were used as macro CTAs for

the preparation of block copolymer of HPMAM resulting in

different block segments with different molar mass (Mn "
13 400–49 000 g mol#1, PDI " 1.2–1.3). These block copolymers

were further crosslinked as micelles.235

Moreover, homopolymers of the PySS monomer were

prepared by using the RAFT method by Bulmus et al. Different

semilogarithmic plots are examined for this monomer indicating

the controlled character of the polymerization. Numerous

homopolymers were synthesized as basis for further bio-

functionalization (Mn" 8 000–12 600 g mol#1, PDI" 1.1–1.4).236

5.7 Monomers for ring-opening reactions

Ring-opening reaction of strained heterocycles are considered as

a click reaction based on the spring-loaded character towards

nucleophiles by Sharpless and coworkers.13 For this purpose,

glycidyl methacrylate (GMA) is a commercially available

monomer, and thus can be used as a clickable monomer without

further modification (Entry 64). CRP of GMA has been well

studied by NMP,9 RAFT237 and ATRP.238–243 For ATRP of

GMA it is important to note that the epoxide might react with

free ligand, which leads to unwanted branching. Thus, the

catalyst has to be preformed before the addition of the mono-

mer.59 Moreover, any strong nucleophile should be avoided

during polymerization. Apart from that, the epoxide is stable

under the polymerization conditions even at elevated tempera-

tures typically required for NMP.

With the ‘‘boom’’ of click chemistry in polymer science, the

ring opening of epoxides with nucleophiles as a click-type reac-

tion experienced also a revival in the last few years, but rather to

introduce azides or alkynes than as a click reaction itself (Scheme

1, Entry 89). Why modifying towards another clickable func-

tionality although the ring-opening reaction is an efficient click

reaction itself? This is caused by the poor selectivity of epoxides.

In contrast, the orthogonality is strongly increased for, e.g., the

azide-alkyne click reaction allowing the orthogonal functionali-

zation in one-pot, simultaneous or cascade reactions.193

Various polymers containing glycidyl methacrylate were

synthesized as basis for further click reactions: Poly(St-r-(C^C-

CH2-St)-r-GMA) was prepared via NMP with TIPNO as medi-

ating nitroxide (Mn " 30 000 g mol#1, PDI " 1.3).60 By ATRP the

homopolymer as well as the random copolymers were synthesized

(Entry 64): poly(GMA) with Mn " 27 000 g mol#1 and PDI "
1.3,114 poly(GMA-r-tBMA) with Mn " 8 000 g mol#1 and PDI "
1.2244 as well as poly(GMA-r-MMA) with Mn " 20 000 g mol#1

and PDI " 1.2 to 1.5,59 whereby the polydispersity index for the

latter increases by increasing the fraction of GMA used in the feed.

5.8 Clicked monomers

Clicked monomers are formed by the azide–alkyne 1,3-dipolar

cycloaddition and contain the triazole ring which is linked to the

polymerizable vinyl group. There are only few examples of

clicked monomers. Hawker et al. have described the RAFT

polymerization of a series of 4-vinyl-1,2,3-triazoles (Entry 50).

Different (co)polymers were prepared in a controlled manner

using a dithioester.67 Sumerlin et al. used propargyl acrylate
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(Entry 46) that was clicked onto an azide-containing trithiocar-

bonate (Entry 29) for the RAFT polymerization of branched

poly(N-isopropylacrylamide) (PDI " 1.5–2.1).156 Also the chain

extension of this macro-CTA with DMA was performed. 1-(30-

Aminopropyl)-4-acrylamido-1,2,3-triazole hydrochloride (Entry

48) was polymerized by the RAFT using a poly(NIPAM) macro-

RAFT agent resulting in block copolymers (Mn" 19 600 g mol#1,

PDI " 1.2).215 Propargyl methacrylate (Entry 47) was clicked by

a Cu-catalyzed 1,3-dipolar cycloaddition with 3-azido-7-dieth-

ylaminochromen-2-one and subsequently copolymerized with

MMA by RAFT using 2-cyanoprop-2-yl dithiobenzoate (CPDB)

as chain transfer agent (Mn " 10 200 g mol#1, PDI " 1.2).214

6. Postmodification

Postmodification reactions are used to transform latent func-

tional groups into clickable units, whereby the polymer can be

modified either at pendant or at terminal positions (Scheme 5).

For the terminal modification the initiating side, the mediating

side or both can be modified. An overview of the end-group

modification approaches are depicted in Tables 11 and 12 and the

side-group modifications are shown in Table 13, which will be

discussed in the following.

6.1 End-group modification

Linear polymers prepared by controlled radical processes

contain two functional end groups, one on the initiating end and

the other one on the mediating end. Therefore, a polymer can be

further functionalized on the a- and/or the u-terminus. In

particularly for the u-terminus, unavoidable radical termination

reactions during the polymerization such as recombination as

well as disproportionation occur and, thus, parts of its func-

tionality are lost to a certain amount. Assuming an efficient

postmodification reaction, these side reactions for the prefunc-

tional polymer can be considered as the bottleneck for the degree

of functionalization that can be reached for u-functionalized

polymers via the postmodification strategy.

6.1.1 Modification on the a–terminus. The a-terminus of the

polymer is more preferred for modification in comparison to the

u-terminus due to a higher end-group fidelity.

6.1.1.1 RAFT – Modification towards alkyne functionality.

An a-endgroup modification of the initiating group was reported

by Bertozzi et al., where a pentafluorophenyl ester as a labile

ester group (Entry 75) was attached to the initiating fragment.

After polymerization the labile ester was cleaved with diisopro-

pylethylamine in the presence of propargyl amine resulting in an

a-terminated alkyne polymer. Apparently, the trithiocarbonate

was not attacked by the amine and, therefore, a defined polymer

could be obtained.245

6.1.1.2 NMP – Modification towards azide functionality.

Despite the versatility of functional groups that can be intro-

duced as an initiating fragment on the a-functionalized polymers

prepared by NMP with functional alkoxyamines,175 there is only

one synthetic route reported for the transformation into a click-

able moiety: The modification of the benzylic chloro group into

an azide via a nucleophilic substitution with sodium azide (Entry

78, 79).

Initially, Hawker et al. described the postmodification from

chloride into azide a-functionalized polystyrene in 2004.246

Thereby, the sodium azide was activated by the addition of

catalytic amounts of 18-crown-6 ether while an excess of sodium

azide was used. This postmodification was also utilized by Voit

et al. using acetone as solvent and three equivalence of sodium

azide at room temperature to achieve full conversion after several

hours.176 In 2008, Braslau et al. obtained azide-functionalized

polystyrene by the reaction of the chloride counterpart in DMF

with sodium azide (3 eq.) at 50 !C in the absence of crown ethers to

almost full conversion.247 Furthermore, the transformation was

applied by O’Reilly et al. for the preparation of azido-function-

alized poly(acrylic acid-b-styrene) (N3CH2-PhEt-PAA-b-PS) as

clickable amphiphilic diblock copolymers. The postmodification

of the benzylic chloro group attached to the PAA block was

conducted in water at room temperature using a 5-fold excess of

sodium azide to yield clickable micelles in water with azide groups

on the outer shell.134

6.1.2 Modification on the u-terminus. The efficiency of the

u-terminal modification depends on the stability of the medi-

ating fragment of the polymer chain that is affected through side

reactions inherent for controlled radical polymerization

processes. In general, polymerizations intended for u-post-

modification were kept at low conversions in order to avoid

a significant loss of functionality.

6.1.2.1 ATRP – Modification towards azide functionality.

The most prominent postmodification reaction towards a click-

able functionality of ATRP-prepared polymers is the substitution

of halides such as bromide against azide, since the halide is

inherently present at the u-chain end after the ATRP process

(Entry 65). The reaction is very efficient with sodium azide in

DMF at room temperature, allowing for a specific transformation

in the presence of distinct labile groups. In this context, it is

important to note that Matyjaszewski and coworkers developed

the method for this nucleophilic substitution in 1997/1998 for

polystyrenes and polyacrylates to allow an easy access to amines

over the azide via a reduction248 or via the Staudinger process.249

The authors also studied the rate constant for the substitution of

selected model halogen compounds with sodium azide.250Scheme 5 Schematic representation of the postmodification strategies.
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Up to now a lot of different polymers were postmodified via

this azidation method. Poly(styrenes), poly(acrylates),

poly(methacrylates) and their copolymers at different molar

masses have been reported.59,78–80,90,97,98,102,114,251–261 It should be

noted that the azidation of poly(methacrylates) is significantly

slower compared to poly(acrylates) and poly(styrenes) due to the

tertiary bromine.262 The modification can be used, e.g., in

combination with multifunctional initiators bearing functional

termini for NMP or ROP (Entry 80). The multifunctional initi-

ator was used in NMP of styrene, ROP of 3-caprolactone as well

as ATRP of tBA followed by the quantitative substitution of the

bromine against azide, while the molar masses and the poly-

dispersity indices retained.71,72

6.1.2.2 ATRP – Modification towards alkyne functionality.

Only a few examples are described for polymers prepared by

ATRP dealing with the exchange of the bromine end group

against alkyne-functionalized groups.185,263 Low molar masses

and conversions are targeted by preparing the polymers to assure

a high end-group fidelity of the u-terminating bromide.

Monteiro and coworkers used the high reactivity of PS

towards cleavage of the bromine end group in the presence of

Table 12 Postmodification – end group (continued)

Entry Modification Click CRP Type Monomer Ref

74 PySS RAFT Aminolysis, Substitution NIPAM 267

75 CuAAC RAFT Ester cleavage OPA 245

76 CuAAC NMP Oxidative cleavage St 284

77 CuAAC NMP Radical exchange St 247

78 CuAAC NMP i) Substitution St 247
ii) Oxidative cleavage

79 CuAAC NMP Substitution St, tBA 134,176,247

80 CuAAC NMP Substitution St 71,72
ROP 3-CL
ATRP tBA

81 CuAAC NMP Radical exchange, Substitution 285

1586 | Polym. Chem., 2010, 1, 1560–1598 This journal is ª The Royal Society of Chemistry 2010
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Cu(I)Br, Me6TREN and DMSO promoting a single electron

transfer (SET) via the formation of nascent Cu(0).263 The emerging

carbon-centered radical was trapped by an alkyne-functionalized

nitroxide (2,2,6,6-tetramethyl-4-(prop-2-ynyloxy)piperidin-1-

yloxyl)264 to result in alkyne-terminated PS with near quantitative

yields within 10 min at room temperature (Entry 66). A unique

feature of the nitroxide radical coupling (NRC) as a selective and

highly efficient reaction is the reversible formation of the C–O

bond of the alkoxyamine that undergoes homolytical cleavage

upon heating. In this fashion, the coupled nitroxide can be

substituted by an excess of other functional nitroxides (10-fold

excess) at elevated temperatures.

Table 13 Postmodification – side group

Entry Modification Click CRP Type Comonomers Initiator Ref

82 CuAAC ATRP Quaternization DMAEMA,
DEGMA,
DEAEMA

EBiB 288

83 CuAAC ATRP Esterification — EBiB 289

84 CuAAC NMP i) Hydrolysis St PhEt-TIPNO 291
ii) Substitution

85 CuAAC NMP i) Acidolysis St PhEt-TIPNO 292,295
ii) Amidation

86 CuAAC NMP Amidation St, tBA, AM PhEt-TIPNO 193

87 CuAAC NMP Substitution St, tBA PhEt-TEMPO 117,292–294

88 CuAAC RAFT Substitution AA BPIT, PEDT 205,206

89 CuAAC ATRP Ring opening MMA, tBMA EBiB 59,104,114,244,290

90 DA NMP Etherification St PhEt-TEMPO 117,120
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Recently, Barner-Kowollik and coworkers established a new

approach towards midchain-functionalized polymers by using

nitrones in a dual radical capturing process.185,265 Nitrones can

rapidly react with carbon-centered radicals to form nitroxides

that further trap radicals to form alkoxyamines. As such,

nitrones can be used for efficient polymer conjugation by medi-

ating the radical coupling reactions of macroradicals. The

authors activated ATRP-made PiBoA with Cu(0)/PMDETA in

toluene at 60 !C in the presence of an alkyne-functionalized

nitrone (2-fold excess), while the alkyne was protected with

TMS.185 In this vein, midchain alkyne-functionalized polymers as

depicted in Entry 67 can be prepared in high yields as indicated

by 1H NMR spectroscopy ($90%). The midchain functional

PiBoA was clicked after deprotection with either PS-N3 or

PiBoA-N3 to form 3-arm star polymers.

As an additional feature, the prepared polymers bear an

alkoxyamine functionality in the backbone that could in prin-

ciple be used as a macroinitiator in a nitroxide-mediated poly-

merization for the insertion of another polymer block towards

triblock copolymers. Hence, the present approach can also be

considered as a preparation of clickable or clicked macro-

initiators for NMP (Entry 40; Section 4.3).

6.1.2.3 ATRP – Modification toward diene functionality for

Diels–Alder reactions. In Entry 68 a nucleophilic substitution of

a bromo-terminated polymer with cyclopentadienyl as reported

by Barner-Kowollik is described. This strategy allows the direct

access to dienes which can be used for catalyst-free click reac-

tions, i.e. Diels–Alder reaction. The reaction was performed with

sodium cyclopentadienide (NaCp) or nickelocene (NiCp2) as the

substituting agent at ambient temperature. It should be

mentioned that side reactions can occur during the substitution

with the more reactive NaCp, in particular for PMMA-Br,

PiBoA-Br and PMA-Br, but not for PS-Br. It could be shown

that the use of NiCp2 using tributylphosphine and sodium iodide

as promoters eliminates these side reactions. In this manner,

cyclopentadienyl-functionalized polymers of PMMA, PiBoA,

PMA and PS are reported (PDI < 1.3).39,266

6.1.2.4 RAFT – Modification towards thiol functionality. In

recent years, an alternative click strategy has been established in

polymer research for the design of complex macromolecular

architectures. This strategy is based on the special chemical

nature of thiol compounds that can be used for radical coupling

processes in thiol-ene and thiol-yne reactions, as well as for

nucleophilic addition reactions such as thiol-isocyanate addition

or Michael addition. The radical-mediated addition of a thiol to

an yne is a ‘‘sister’’ reaction to the radical thiol-ene reaction,

whereby two thiols can be added (two-step process). All these

reactions can be performed under mild conditions.

The u-end of the polymer chains prepared by the RAFT

polymerization can be easily modified to generate a reactive thiol

group. In most of the reports a trithiocarbonate (Entry 69) or

a dithiobenzoate (Entry 70) have been used as chain transfer

agents for RAFT. These group can be easily modified into thiol

groups. There are two synthetic pathways towards thiols: (i)

Aminolysis with a primary amine50,54,141,245,267–275 and (ii) reduc-

tion with NaBH4.276–278 Care should be taken in this post-

modification to prevent the coupling of two chains to form

a disulfide bridge, which are often visible by a shoulder at lower

elution volumes in the SEC measurements. However, coupling of

thiols can be easily reversed by addition of a reducing agent, e.g.

phosphine derivatives.50,54,116,268,271,273,276 Limitations of the thiol-

ene reaction for polymer-polymer conjugation were recently

described by Du Prez et al.53

In some cases, further purification of the u-thiol functional

polymers is necessary and dialysis or precipitation are the

preferred techniques. A calorimetric method for the determination

of the free thiol concentration was developed by Ellman.279 Ell-

man’s reagent converts a thiol into a 5,50-dithiobis(2-nitrobenzoic

acid) derivative, which has a strong absorption and therefore the

degree of functionalization can be determined.267,269,270,273,275

Alternatively, this can be indirectly estimated by clicking a fluo-

rescence dye (e.g. pyrene).274,276 The degree of functionalization

can be varied from 60% up to 99.5%. Often short polymer chains

are used for the modification to provide high end-group fidelity on

the mediating side (Mn < 10 000 g mol#1). Different polymers were

used for the modification towards thiols, i.e. acrylate-, methacry-

late- and acrylamide derivatives.

An elegant example for the orthogonality of the Michael

addition as nucleophilic thiol-ene reaction to the radical thiol-ene

was recently described by Lowe et al.50 By using the fact that the

nucleophilic reaction of the thiols is selective for double bonds

conjugated with electron-withdrawing groups (e.g. a,b-unsatu-

rated carbonyl compounds), a consecutive reaction of a hetero-

functional polymer with different thiols, first reacted via Michael

addition and followed by the radical thiol-ene or thiol-yne reaction

could be shown. The reverse case leads to the loss of orthogonality

due to the unselective nature of the radical coupling.

6.1.2.5 RAFT – Modification towards alkyne functionality.

An elegant approach to generate u-end group functionalized

triple bonds, which can be used for the Cu(I)-catalyzed cyclo-

addition, was reported by Theato and coworkers using butynyl

methane thiosulfonate (Entry 71). Five different acetylene-

terminated polymers (MMA, DEGMA, LMA, St, NIPAM)

could be clicked to an azide.280 Another approach towards

alkyne-terminated polymer chains is the cleavage of the RAFT

agent by a radical process (Entry 72).143 Thereby, an excess of

alkyne-modified initiator is used, which decomposes while

generating radicals that react with the C " S of the thio-

carbonylthio moiety in the polymer chain. Higher temperatures

(80 !C) and a large excess of the initiator are necessary and it

should be taken into account that side reactions during end-

group modification can occur by means of recombination during

insertion.143 ABCD 4-miktoarm star polymers could be prepared

by RAFT polymerization of styrene followed by an insertion

reaction applying a large excess of 2-hydroxyethyl-3-(4-(prop-2-

ynyloxy)phenyl) acrylate to stop the polymerization at 110 !C.

Hence, a unprotected triple bond attached at the end of the

polymer chain could be obtained (Entry 73). The reaction is not

very efficient, because a large amount of unreacted macro-

initiator is present after the diblock copolymerization.281

6.1.2.6 RAFT – Modification towards pyridyl disulfide func-

tionality. Chemical modification of the u-endgroup by

aminolysis in the presence of 2,20-dithiodipyridine was reported

to generate a pyridyl-disulfide-terminated polymer chain (Entry

1588 | Polym. Chem., 2010, 1, 1560–1598 This journal is ª The Royal Society of Chemistry 2010
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74). The pyridyl disulfide end groups allowed straightforward

conjugation with oligonucleotides and peptides.267

6.1.2.7 NMP – Conventional modification and possibilities.

Only a few examples are described dealing with the exchange of

the nitroxide moiety on the polymer. The first study was con-

ducted by Rizzardo, reducing the TEMPO to a hydroxy group

with a mixture of zinc/acetic acid.282 A radical-cleavage approach

towards more versatile functional end groups was presented by

Hawker and coworkers. Thereby, the propagating radical was

trapped at the polymerization temperature by N-functionalized

maleimides as non-self-polymerizing monomers, while the

TIPNO nitroxide decomposed at elevated temperatures resulting

in the maleimide-functionalized polymer.283 The transformation

yield for polystyrene, polyisoprene and poly(n-butylacrylate) was

typically 90 to 95%, while no changes in molar masses and the

polydispersity indices were observed.

This approach offers the possibility to introduce clickable

units at the u-terminus by using functionalized maleimides.

Following this strategy, Lutz and coworkers synthesized

a library of functional maleimides and used them in the

copolymerization with styrene via ATRP, while the maleimide

was incorporated at a specific place in the polymer chain.216

Among those, N-pentafluorophenyl maleimide or N-propargyl

maleimide could be incorporated into the polymer, while the

latter one had to be protected due to pronounced side reactions

(Entry 51, 62). In principle, clickable u-functionalized polymers

should be accessible using these monomers in the radical-

cleavage procedure by Hawker as well.

6.1.2.8 NMP – Modification towards alkyne functionality. In

contrast to the thermal cleavage of the alkoxyamine-terminated

polymer, oxidative cleavage under much milder thermal condi-

tions can be achieved by single electron oxidation with ceric

ammonium nitrate (CAN).247,284 After the oxidation the alkox-

amine cleaves heterolytically into a nitroxide and the cation-

terminated polymer that can be trapped by nucleophiles. Braslau

and coworkers treated TIPNO-terminated polystyrene with

CAN and propargyl alcohol as nucleophile at room temperature

under anhydrous conditions to obtain alkyne-functionalized PS

(Entry 76) with an end-group fidelity of 65% as determined by

UV-vis experiments.247 Investigating PhEt-TEMPO as a model

compound for TEMPO-terminated polymers, a heterolytic

cleavage similar to the TIPNO counterpart was obtained. It

could be shown that this method can also be used for TEMPO-

terminated polymers. In contrast, polyacrylates terminated with

TIPNO or TEMPO also undergo oxidative cleavage, but the

cation-terminated polymer interferes with CAN by forming

nitrate ester and prohibit further attachment of functional

groups via the addition of nucleophiles.284

The modification of polystyrene that was prepared by NMP

with commercially available b-phosphonylated alkoxyamine

BlocBuilder! cannot be performed via the described oxidative

cleavage with CAN due to the electronic and steric nature of

SG1.285

6.1.2.9 NMP – Modification towards azide functionality.

Terminal azide-functionalized polystyrene could be obtained

starting from the nitroxide-terminated polymer through the

reaction with ethanesulfonyl azide (EtSO2N3) that was introduced

by Renaud and Ollivier286 as an azidation method for carbon

radicals. Braslau and coworkers showed that polystyrene

prepared by NMP reacts in the presence of an excess of EtSO2N3

in N-methyl-2-pyrrolidinone at 120 !C to the azido-functionalized

PS (Entry 77), although the azidation was incomplete as judged by

labelling experiments with an alkyne-functionalized dye analyzed

via UV-vis experiments.247 Using PhEt-TIPNO as a model

compound, the treatment with EtSO2N3 led to less than 30% of the

desired transformation.247 This was explained by the weak elec-

trophilic character of the styryl radical, since only electron-rich

radicals can efficiently add onto EtSO2N3.287 This also explains

why polyacrylates could not be modified with this method.

The azidation reaction of nitroxide-terminated polystyrene

was further studied by Bertin and coworkers for polystyrenes

prepared with the commercial available BlocBuilder!.285

Thereby, a one-step as well as a two-step approach towards the

terminal azido-functionalized polymer were performed (Entry 81).

In the one-step approach EtSO2N3 was used under optimized

reaction conditions using a large excess (50 eq.) at 90 !C. In the

two-step approach the alkoxyamine was reacted at 75 !C in

a radical exchange reaction with 2-bromoisobutyrate as solvent as

well as the bromination agent to obtain the exchange of the

nitroxide by bromine. Furthermore, this bromo-functionalized

polymer was reacted with sodium azide following the well-known

ATRP postmodification procedure at room temperature in DMF.

For both approaches the azide-functionalization degree was

around 70%.

6.1.3 Heteromodification on both termini

6.1.3.1 NMP. Since the azide group is stable against the mild

conditions of the oxidative exchange of the nitroxide against

propargyl alcohol by ceric ammonium nitrate (Section 4.1.1),

alkyne-azide-functionalized heterotelechelic polystyrene could

be efficiently synthesized in a two step synthesis as demonstrated

by Braslau et al. (Entry 78).247 At first the chloro group of the

a-functionalized polystyrene prepared by NMP was transformed

into the azide followed by the oxidative cleavage reaction with

CAN at room temperature and the in situ nucleophilic addition

of propargyl alcohol.

6.2 Side-group modification

In contrast to the terminal functionalization, the modification of

pendant groups is more influenced by steric or electronic effects,

in particular for homopolymers, where every repeating unit has

to be modified. Nonetheless, this method represents a convenient

alternative route to multiple click-functionalized polymers, if the

direct polymerization of these monomers is relatively more

difficult and/or side reactions occur during the polymerization.

6.2.1 ATRP

Modification towards alkyne functionality. In Entry 82 the

alkyne moiety could be selectively introduced by quaternization of

the amine of 2-(dimethylamino)ethyl methacrylate (DMAEMA)

with propargyl bromide at room temperature (Menschutkin

reaction).288 Due to sterical hindrance, the DMAEMA is more

reactive towards quaternization than DEAEMA allowing for the

selective modification of a terpolymer containing DEGMA,

This journal is ª The Royal Society of Chemistry 2010 Polym. Chem., 2010, 1, 1560–1598 | 1589
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DMAEMA and DEAEMA.288 The purification of the quaternized

copolymer was achieved simply by precipitation. The extent of

quaternization of the DMAEMA units was evaluated by 1H NMR

spectroscopy to be 35%.

Alkynyl side groups were introduced into polymeric back-

bones of a linear poly(2-hydroxyethyl methacrylate) by an

esterification reaction between the hydroxyl groups and 4-pen-

tynoic acid that was activated by N,N0-dicyclohexylcarbodiimide

(Entry 83). The degree of functionalization was estimated by 1H

NMR spectroscopy to be close to 100%. No change of the

apparent molar masses and PDI values occurred.289

Modification towards azide functionality. An efficient and

convenient synthesis route to azides is the ring-opening reaction

of epoxides as shown in Entry 89. The oxirane ring is often

opened with sodium azide in the presence of ammonium chloride

to yield the corresponding 1-hydroxy-2-azido compounds. The

reactions can be followed by IR spectroscopy of the character-

istic vibration bands of the azide (2104 cm#1) and the epoxide

ring (909 cm#1). This click reaction was applied for the prepa-

ration of copolymers with multiple azide groups, whereby

different methacrylates are used, resulting in defined copoly-

mers.59,104,114,244,290

6.2.2 RAFT

Modification towards azide functionality. In Entry 88, a nucle-

ophilic substitution of a pendant chloro group against azide was

performed for a poly(3-chloropropyl acrylate-co-acrylic acid).

The reaction was conducted with sodium azide at 80 !C and the

final product was subsequently dialyzed. High molar mass

copolymers were obtained: Mn " 86 000 and 135 000 g mol#1

with polydispersity indices of 2.2 and 1.4, respectively.205,206

6.2.3 NMP

Modification towards either alkyne or azide functionality. A

substitution reaction was carried out as pendant postmodification

for the random copolymer poly[styrene-r-(4-acetoxystyrene)]

(Entry 84).291 The acetyl group was used as a protection for the

phenolic hydroxy group that cannot be polymerized directly, since

it acts as an radical scavenger. Deprotection was accomplished by

using hydrazine monohydrate as a base for hydrolysis at room

temperature to yield poly[styrene-r-(4-hydroxystyrene)]. The

hydroxy group was further reacted with propargyl bromide under

basic conditions in a Williamson ether synthesis to yield the

clickable styrenic copolymer while retaining molar mass and

polydispersity indices of the protected copolymer.291

Another postmodification strategy towards clickable side

groups is the carbodiimide-mediated condensation which was

demonstrated for the block copolymer poly(tBA-b-St) by Woo-

ley and Hawker (Entry 85).292 First, the t-butyl group, acting as

a protecting group, was cleaved using trifluoroacetic acid at

room temperature. The resulting amphiphilic diblock polymer

poly(acrylic acid-b-styrene] was assembled into micelles in water

and partly functionalized with either 3-azidopropylamine or

propargyl amine in a condensation reaction at room temperature

using 1-[30-(dimethylamino)propyl]-3-ethylcarbodiimide methio-

dide to activate the acid. The residual acid groups were crosslinked

to obtain nanoparticles with azides or alkyne moieties on the outer

shell.

Another postmodification strategy uses succinimide-function-

alized acrylates as active ester for the condensation with amines

under mild conditions.193 The active ester is stable under the

applied polymerization conditions and can be polymerized in

a controlled way, while in contrast to alkyl acrylates no depro-

tection for further modification is required. Hereon, Malkoch

et al. showed the preparation of random copolymers of

N-(acryloyloxy)succinimide with either styrene, t-butylacrylate or

acrylamide followed by a successful condensation reaction with

propargyl amine or 1-amino-11-azido-3,6,9-trioxoundecane at

50 !C (Entry 86). In addition, the amidation reaction does not

interfere with the click reaction and can be used in a one-pot

cascade reaction or simultaneously.193

Scheme 6 Schematic representation of clickable polymers: " polymer chain; , " orthogonal click functionalities, " block segments.
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Scheme 7 Schematic representation of selected clicked architectures: ( " polymer chain; " block segments; " crosslinked polymer, ,

, " different clicked functions, " multifunctional core.
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A facile approach towards pendant azide-functionalized

polymers via postmodification is the reaction of benzylic chloride

with sodium azide in a nucleophilic substitution reaction (Entry

87). The reaction is efficient at room temperature in DMF.

Following this procedure, a random copolymer consisting of

4-(chloromethyl)styrene and styrene was transformed with

sodium azide.293 Furthermore, a random terpolymer consisting

of 4-(chloromethyl)styrene, styrene as well as 40-(anthracene-

methyloxymethyl)styrene was efficiently modified to the pendant

azido- and anthracene-containing derivative.117 O’Reilly et al.

modified the amphiphilic diblock copolymer poly[(acrylic acid)-

b-styrene-r-4-chloromethylstyrene] via the described procedure

to obtain, after crosslinking, nanoparticles with azide-function-

alized cores.292 In 2009, Ting et al. transformed homopolymers of

4-(chloromethyl)styrene as well as random and block copolymers

with styrene at 60 !C in a mixture of DMSO/THF to the pendant

azide-functionalized polymers.294

Modification towards diene functionality for Diels–Alder reac-

tion. The pendant benzylic chloro group in 4-(chloromethyl)styr-

ene containing polymers were also modified by the etherification

reaction with 9-(oxymethyl)anthracene (Entry 90). Thereby, an

excess of 9-(oxymethyl)anthracene was activated with sodium

hydride to react with poly(styrene-r-4-chloromethylstyrene) to the

anthracene-functionalized polymer at room temperature,117

although the conversion only went to completion by using higher

temperatures.120

7. Applications of clickable polymers

The concept of click chemistry combined with the concept of

controlled radical polymerizations represent an ideal pair for the

preparation of tailor-made macromolecular architectures.

The striking advantage of this combination can be clearly seen

by the variety of clicked architectures that become possible by

using clickable polymers as building blocks (Schemes 6 and 7).

The schemes should provide an overview over the clickable and

clicked architectures, while assigning assorted references. The

origin for the large variety of architectures is the overcoming of

limitations inherent for other techniques, which allows the design

of new architectures prepared in high yields and with a wide

range of accessible molar masses and constitutions. In this way,

some block combinations become possible, which were not

directly polymerizable due to disparate reactivities. An example

for such an architecture is the block copolymer of styrene and

ethylene glycol (EG) using the 1,3-dipolar cycloaddition of azides

and acetylene of the respective end groups.

Utilizing the different approaches (clickable initiator, clickable

monomer and postmodification) different types of highly func-

tional polymers are accessible and can act as building blocks for

the preparation of more complex structures. Several clickable

polymers can be prepared: (i) End functional polymers on one or

on both sites, (ii) mid-chain functional polymers, (iii) side-chain

functional polymers and (iv) combinations of them (Scheme 6).

These clickable polymers act as basic modules for further func-

tionalization reactions to engineer more complex architectures

(Scheme 7). Hereon, different linear block copolymers such as

di-, ter- or quarterpolymers were prepared. The synthesis of

different cyclic polymers such as eight-shaped or tadpole

polymers, which are limited for other non-click methods, has

been realized using the click concept. These building blocks were

also often used for the preparation of star-shaped polymers with

3 up to 12 arms as well as H-shaped or miktoarm star polymers.

In this respect, two strategies arise for the synthesis of star-like

polymers by clicking: (i) Using mid-chain functional polymers or

(ii) end functional polymers onto a multifunctional core.

Furthermore, several dendrimers and hyperbranched architec-

tures were also realized by combining CRP and click chemistry.

An elegant example represents the thiol-yne reaction for the

preparation of hyperbranched polymers.

Another focus of polymer research is the grafting approach of

side-chain functional polymers, which can be prepared by using

the clickable monomer approach or the postmodification

approach of pendant groups. The main advantage for this

strategy is the facile tuning of polymer properties for a specific

application. One clickable polymer backbone can act as building

block for a variety of functionalization reactions (Scheme 6).

Moreover, surface patterning is also of interest in material

science. Polymers were clicked via CuAAC to different surfaces

such as carbon nanotubes or nanoparticles (Si, Au). Also the

construction of multilayer systems (layer-by-layer approach) are

possible by using the 1,3-dipolar cycloaddition and CRP.

The interest in polymer-functionalized biomaterials strongly

increased in the last years due to the facile access by using click

chemistry for efficient conjugation and CRPs for tailoring the

polymeric architectures. In this vein, different functional poly-

mers were coupled with several proteins and siRNA.

8. Conclusion and outlook

In summary, it is clearly demonstrated in recent years that the

combination of controlled/‘‘living’’ radical polymerization

(CRP) techniques and click reactions has become an inevitable

route for preparing highly functional tailor-made macromole-

cules. This combination has been tremendously advanced since

the introduction of the concept of click chemistry in 2001 by the

cumulative efforts of a large number of research groups all over

the globe. These developments on the preparation of new well-

defined clickable polymers enabled straightforward access to

demanding polymer structures such as cyclic and miktoarm star

polymers.

Two combinations of CRP with click chemistry seem to be the

perfect match: ATRP in combination with azide cycloaddition

and RAFT with thio-click chemistry. Halogen-terminated

polymers are directly obtained by ATRP and can be transformed

to azide-terminated polymers using a simple azidation proce-

dure. As a limitation, this combination may not be suitable for

the preparation of clickable polymers of high molar masses, since

a high end-group fidelity of the halogen-terminated polymers is

only assured for low molar masses and low conversions. Even the

most efficient postmodification reaction will not overcome this

inherent problem. Nevertheless, ATRP and azide-alkyne click

reactions are one of the most prominent combinations to prepare

functional materials. Alternatively, thiol-terminated polymers

are easily accessible from polymers prepared using the RAFT

technique by reduction of the CTA end group. It has been

demonstrated that these thiol-terminated polymers can be

clicked not only to unsaturated double bonds but also to alkynes,
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bromo, and para-fluoro groups making the combination of

RAFT polymerizations with thio-click chemistry a powerful

method. It should be noted that certain kinds of radical thiol-ene

reactions do not fulfill the click criterion of a high reaction effi-

ciency if they are applied for polymer-polymer conjugation.

We are confident that the combination of CRP and click

chemistry methods will continue flourishing in the near future

leading to new functional polymeric materials. Eventually, this

will lead to a further establishment of CRP in combination with

click chemistry as a scientific tool rather than being a separate

research topic. Furthermore, it is evident that new trends in click

chemistry, e.g. the development of advanced metal-free click

reactions employing more reactive clickable units such as

cyclooctynes as click counterparts to nitrones or nitrile oxides,

will be combined with CRP methods in the near future, which

will further expand the potential field of applications.

Abbreviations

AcOSt 4-acetoxystyrene

AA acrylic acid

AIBN azoisobutyronitrile

AM acrylamide

AN acrylonitrile

APBIB 3-azidopropyl 2-bromoisobutyrate

ATRP atom transfer radical polymerization

ATREP atom transfer radical emulsion polymerization

BBiBE 1,2-bis(bromoisobutyryloxy)ethane

BDAT S,S0-bis(a,a0-dimethyl-a0 0-acetic acid)

trithiocarbonate

BDB benzyl dithiobenzoate

BETP benzyl 2-(ethylthiocarbonothioylthio)

propanoate

BICDT benzyl 1H-imidazole-1-carbodithioate

bpy 2,20-bipyridine

BlocBuilder! N-(2-methylpropyl)-N-(1-diethylphosphono-

2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)

hydroxylamine

BMP 2-bromo-2-methyl-propionate

BMPA 2-bromo-2-methyl-propionamide

BMPABE 2-bromo-2-methyl-propionic acid benzyl ester

BPIT butyl phthalimidomethyl trithiocarbonate

BPN 2-brompropionnitrile

BPO dibenzoylperoxide

BSPA 3-benzylsulfanyl-thiocarbonylsulfanyl

propionic acid

CAN ceric ammonium nitrate

CBDB 2-cyano-2-butyl dithiobenzoate

CBDN a-cyanobenzyl dithionaphthalate

CDB 2-phenylpropan-2-yl dithiobenzoate (cumyl

dithiobenzoate)

CNT carbon nanotube

3–CL 3–caprolactone

CPADB (4-cyanopentanoic acid) dithiobenzoate

CPDB (2-(2-cyano-propyl)) dithiobenzoate

CTA chain transfer agent

CRP controlled radical polymerization

DDAT S-1-dodecyl-S0-(a,a0-dimethyl-a00-acetic acid)

trithiocarbonate

DDET S-1-dodecyl-S0-(a,a0-dimethyl-a00-ethyl

acetate) trithiocarbonate

DEGMA di(ethylene glycol) methylether methacrylate

DIPEA S-dodecyl-S0-(a,a-dimethylpentafluorophenyl

acetate) trithiocarbonate

DMAM N,N-dimethylacrylamide

DEAM N,N-diethylacrylamide

DEAEMA 2-(diethylamino) ethyl methacrylate

DMAEMA 2-(dimethylamino) ethyl methacrylate

EBiB ethyl 2-bromoisobutyrate

EA ethyl acrylate

EEA 1-ethoxyethyl acrylate

EHA 2-ethylhexyl acrylate

EtSO2N3 ethanesulfonyl azide

FMA furfuryl methacrylate

GMA glycidyl methacrylate

HEA 2-hydroxyethyl acrylate

HEMA 2-hydroxyethyl methacrylate

HMA hostasol methacrylate

HMTETA 1,1,4,7,10,10-hexamethyl triethylenetetramine

HPMA 2-hydroxypropyl methacrylate

HPMAM 2-hydroxypropyl methacrylamide

iBoA i-bornyl acrylate

pHSt 4-hydroxystyrene

KSPMA potassium 3-sulfopropyl methacrylate

LMA lauryl methacrylate

MA methyl acrylate

MAA methacrylic acid

MCPMDB (S)-methoxycarbonylphenylmethyl

dithiobenzoate

Me6TREN tris(2-(dimethylamino)-ethyl) amine

MMA methyl methacrylate

mPEG linear methoxy poly(ethylene glycol)

MPPCTTA methyl 2-phenyl-2-(phenylcarbonothioylthio)

acetate

NaCp cyclopentadienide

nBA n-butyl acrylate

nBMA n-butyl methacrylate

NIPAM N-isopropylacrylamide

NiCp2 nickelocene

NMP nitroxide-mediated radical polymerization

NP nanoparticle

NVP N-vinylpyrrolidone

OEGA oligo(ethylene glycol) methylether acrylate

OEGMA oligo(ethylene glycol) methylether

methacrylate

OPA (2-oxopropyl)acrylate

PBP propargyl 2-bromopropionate

PDB 1-phenylethyl dithiobenzoate

PEB 1-phenylethylbromide

PEDT S-1-phenylethyl-S0-dodecyl-trithiocarbonate

PFPPCV pentafluorophenyl-(4-phenylthiocarbonylthio-

4-cyanovalerate)

PFS pentafluorostyrene

PMDETA N,N,N0,N0 0,N0 0-pentamethyldiethylene-

triamine
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poC postclick

prC preclick

RAFT reversible addition-fragmentation chain

transfer polymerization

ROP ring-opening polymerization

SG1 N-(2-methylpropyl)-N-(1-diethylphosphono-

2,2-dimethylpropyl)-N-oxyl

SMA solketal methacrylate

St styrene

tBA t-butyl acrylate

tBMA t-butyl methacrylate

TBAF tetrabutylammonium fluoride

tBOSt 4-t-butyloxystyrene

TBDMS t-butyldimethyl-silyl

TEMPO 2,2,6,6-tetramethylpiperidinylnitroxide

THPA tetrahydropyran acrylate

TIPNO 2,2,5-trimethyl-4-phenyl-3-azahexane-3-

nitroxide

TIPS triisopropylsilyl

TMS trimethylsilyl

TosCl p-toluenesulfonyl chloride

VAc vinylacetate

VBA vinylbenzyl azide

4VP 4-vinylpyridine.

Polymer abbreviations are formed by adding the suffix ‘P’ or

‘poly’ to the corresponding monomer abbreviation. The only

exception is styrene, where the monomer is represented by St and

the polymer by PS.
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