
Foreword

The design and the realisation of well-defined polymer architectures has become
an important goal in macromolecular science.The prerequisite for achieving this
goal is the availability of controlled polymerisation reactions. Living anionic
polymerisation was the first reaction fulfilling these requirements. Cationic
polymerisation only came into play when it was realised that it was possible to
create an equilibrium between active and dormant species with the fraction of
the dormant species being far superior to that of active ones.

A corresponding principle applies to controlled radical polymerisation per-
formed in quite a number of modes such as nitroxide-mediated polymerisation
(NMP), atom transfer radical polymerisation (ATRP), reversible addition frag-
mentation chain transfer (RAFT) or catalytic chain transfer (CCT) reactions.All
of these variants of controlled radical polymerisation lead to well-defined archi-
tectures with the particular advantage that a much larger number of monomers
are suitable and the reaction conditions are much less demanding than those of
living ionic polymerisation reactions.

Although in controlled radical polymerisation, termination reactions cannot be
excluded completely, they are limited in their extent and consequently the mol-
ecular weight is controlled, the polydispersity index is small and functionalities
can be attached to the macromolecules. These features are indicative of the real-
isation of well-defined polymer architectures such as block copolymers, star-
shaped and comb-shaped copolymers.

The present volume is particularly concerned with the use of the different modes
of controlled radical polymerisation for the preparation of copolymers such as
random copolymers, linear block copolymers, as well as graft copolymers and
star-shaped copolymers. It also presents the combination of controlled radical
polymerisation with non-controlled radical copolymerisation, cationic and
anionic polymerisation,both of vinyl monomers and cyclic monomers,and ring-
opening metathesis polymerisation.

The power of controlled radical polymerisation is demonstrated convincingly
and the limitations of the synthetic approaches clearly indicated.



Last but not least the volume presents some potential applications for copoly-
mers obtained by controlled radical polymerisation. It is expected that the first
commercial products will appear on the market this year, giving convincing evi-
dence for the importance of controlled radical polymerisation methods.

Aachen, March 2002 Hartwig Höcker
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This review is focused on controlled/living radical polymerization methods for the prepa-
ration of various copolymers. A brief introduction to the subject of radical polymerization,
and early attempts to control it, is followed by a detailed examination of the literature on
controlled/living radical copolymerizations from the mid-1990s until 2001. The topics cov-
ered include statistical/gradient, block, graft, and star copolymers, and the polymerization
methods used to produce them. These copolymers were prepared using three major con-
trolled radical methods (either nitroxide mediated polymerization, atom transfer radical
polymerization, or degenerative transfer) and a combination of polymerization techniques,
including transformation chemistry or the simultaneous/dual living polymerizations, to
achieve the desired chain architecture or topology. An evaluation of the current state of the
field is also presented.

 

Keywords: 

 

Review, Copolymer, Controlled/living radical polymerization, Block, Graft, Gra-
dient, Statistical

 

Advances in Polymer Science, Vol. 159
© Springer-Verlag Berlin Heidelberg 2002

 

APS-159.fm  Seite 1  Dienstag, 25. Juni 2002  9:45 09



 

2 K.A. Davis · K. Matyjaszewski: 

 

Statistical, Gradient, Block, and Graft Copolymers

 

 

 

by Controlled/Living Radical Polymerizations

 

1

 

Background

 

1.1
Copolymers

 

Copolymers, for the purpose of this review, are defined as macromolecules that
contain more than one type of monomer unit within the polymer chain. There
are many types of copolymers that fall into this category, as illustrated in Fig. 1.

They include the chain topologies of statistical (also periodic), gradient, and
segmented copolymers (blocks and grafts); however, when the chain architec-
ture is varied to include comb, multi-arm stars and dendrimers, or even growth
from functionalized surfaces, the possibilities for compositional modification of
different copolymers are almost limitless. Historically, many copolymers have
been utilized as stabilizers for polymer blends or for latexes, but because of ill-
defined compositions and properties, the particular reason behind failure in any
specific application was not readily obvious. With the advent of ionic living po-
lymerization, well-defined polymers have become the norm rather than the ex-
ception. This allows a structure-property correlation to be developed based on
composition, chain topology, or architecture, and provides substantial informa-
tion regarding how small changes in any of these parameters affect the resulting
properties.

Living ionic methods, however, have limitations as to the types of monomers
that can be polymerized resulting from the incompatibility between the reactive
centers and monomers. Radical polymerizations, on the other hand, do not re-
ally suffer from these drawbacks because a free radical is less discriminating re-

AAAAAAAAAAAAAABBBBBBBBBBBBBB

AAAAAAAAAAAAAAAAAAAAAAAB
B

B
B

B
B

B
B

B
B

B

B
B

B
B

B
B

B
B

B
B

B

B
B

B
B

B
B

B
B

B
B

B

B
B

B
B

B
B

B
B

B
B

B

AAAAAABBBBBBB

A
A

A
A

A
A

B
B

B
B

B
B

B

AAAAAABBBBBBB

A
A

A
A

A
A

B
B

B
B

B
B

B

block

graft

multi-arm star

A
A

A
A

A
A

B
B

B
B

B
B

B

A
A

A
A

A
A

B
B

B
B

B
B

B

A
A

A
A

A
A

B
B

B
B

B
B

B

A
A

A
A

A
A

B
B

B
B

B
B

B

functionalized
surface

statistical
copolymers

AAABABAAABAABAABAAABBABABABBABBBBBABBB

Fig. 1. Illustration of different types of segmented copolymers
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garding the types of vinyl monomers with which it can react and is tolerant to
many functionalities. This advantage allows for the preparation of statistical (we
use this general term rather than the term random, which refers to a Bernoullian
distribution) and segmented copolymers not possible with ionic methods, like
various combinations of acrylate and methacrylate based monomers. The next
section introduces the concepts behind radical polymerizations in general, fol-
lowed by specifics about early attempts to control them, then by background in-
formation about newly developed controlled/living radical polymerization
(CRP) methods. Subsequent sections will discuss in detail the preparation of
segmented copolymers using CRP methodologies.

 

1.2
Free Radical Polymerization

 

Free radical polymerization is an integral part of polymer chemistry [1–4]. It has
become a widely used industrial methodology because generation of a radical is
easy, many monomers can be polymerized, and radical polymerizations are tol-
erant to the impurities that normally would terminate an ionic polymerization
(moisture, protic solvents), making it an economically attractive alternative to
the rigorous purification needed in ionic processes. The drawback of radical po-
lymerizations, however, is that while it is easy to generate a reactive radical that
can initiate polymerization, the polymerization itself is difficult to control. Un-
like ionic species that repel one another, a radical will readily react with another
radical, either through disproportionation or through a coupling reaction. The
former will produce both a saturated and an unsaturated chain end, while the
latter will produce a single dead chain (Scheme 1).

Scheme 1. Illustration of the modes of termination in radical polymerization
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Termination reactions cannot be eliminated in radical polymerizations be-
cause termination reactions involve the same active radical species as propaga-
tion; therefore, eliminating the species that participates in termination would
also result in no polymerization. Termination between active propagating spe-
cies in cationic or anionic processes does not occur to the same extent because
of electrostatic repulsions. Equation (1) represents the rate of polymerization,
R

 

p

 

, which is first order with respect to the concentration of monomer, M, and
radicals, P*, while Eq. (2) defines the rate of termination, R

 

t

 

, which is second or-
der with respect to the concentration of radicals. To grow polymer chains with a
degree of polymerization of 1000, the rate of propagation must be at least 1000
times faster than the rate of termination (which under steady state condition is
equal to the rate of initiation). This requires a very low concentration of radicals
to minimize the influence of termination. However, termination eventually pre-
vails and all the polymer chains produced in a conventional free radical process
will be “dead” chains. Therefore they cannot be used in further reactions unless
they contain some functional unit from the initiator or a chain transfer agent.

R

 

p 

 

= k

 

p

 

 [M] [P*] (1)

R

 

t 

 

= k

 

t

 

 [P*]

 

2

 

(2)

Another major limitation in conventional radical polymerizations is that the
molecular weight of the polymer chains is poorly controlled. Most free radical
initiators have an initiator efficiency <1. There are several reasons for this, in-
cluding the cage effect and primary radical termination [3]. As a consequence of
using thermally activated initiators for the polymerizations, which have a long
half lifetime at a given temperature, very few polymer chains are initiated at the
onset of polymerization and initiation continues throughout the polymeriza-
tion, resulting in a broad distribution of chain lengths and ill-defined polymers.
Typical initiators include 2,2

 

¢

 

-azobisisobutyronitrile (AIBN) which has a half
lifetime of ~10 h at 65°C [3]. This means that only half the initiator will be con-
sumed after ~10 h, leaving a significant portion that will continue to decompose
and begin new chains. If the temperature is increased to enhance the decompo-
sition rate, the termination rate will also increase because the termination rate
is dependent on the concentration of radicals, leading to a significant decrease
in the molecular weight.

There have been attempts to remedy this situation. Chain transfer agents can
be used to limit the molecular weight of the polymer chains. These additives re-
act with the growing polymer chain, limiting the degree of polymerization with-
out affecting the polymerization rate. Transfer agents can introduce functional-
ity to polymer chain ends that will allow for post-polymerization reactions.

The reactivity ratios of various monomer combinations in the free radical co-
polymerizations have been determined [5]. The reactivity ratio, r

 

1

 

, is defined as
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the ratio of the rate constant of homopropagation, k

 

11

 

, to that of cross-propaga-
tion, k

 

12

 

 (Scheme 2). The reactivity ratios dictate the composition and micro-
structure of the polymer backbone and are specific to a given process, and may
be different for each process, whether it is an anionic, cationic, or radical polym-
erization. Controlled/living radical polymerizations have been used to prepare
a class of copolymers, referred to as tapered or gradient copolymers [6–8],
where the instantaneous composition along the polymer backbone varies as a
function of the monomer feed and the reactivity ratios for the given monomers.
However, in conventional radical polymerizations, the slow continuous initia-
tion results in copolymers where the composition varies among the chains as a
function of the instantaneous monomer concentration in the reaction mixture.
Obtaining full control over the free radical processes allows preparation of pol-
ymers that are not only well-defined compositionally along the chain, but
among the chains as well.

 

1.3
Controlled/Living Radical Polymerization (CRP)

 

The concept of living polymerizations started in 1956 when Szwarc found that
in the anionic polymerizations of styrene (St) the polymer chains grew until all
the monomer was consumed [9], and that the chains continued growing when
another batch of monomer was added. The addition of another monomer result-
ed in the formation of block copolymers. These polymerizations proceeded
without termination or chain transfer occurring in the system. Prior to this
work, the conditions used for the polymerizations had not been stringent
enough to keep the active species alive and allow observation of this type of be-
havior. The polymer molecular weights were predictable based on the ratio of

Scheme 2. Reactivity ratios
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monomer to initiator and the polydispersities were low, indicating the polymer-
ization was well controlled.

Later, other living systems were also achieved [10]. These include ring open-
ing polymerization [11, 12] and carbocationic systems [13, 14]. In the carboca-
tionic systems the high reactivity of the active species required that an equilib-
rium between the “active” species and a “dormant” species be formed, thus al-
lowing control over the polymerization [13, 15, 16]. This approach was subse-
quently extended to controlled/living radical polymerizations (CRPs) [17–19].
Conceptually, if there is only a tiny amount (ppm) of chains that are active at any
given point in time while the others are dormant, this lessens the overall effect
of termination. Although termination cannot be avoided, at the same polymer-
ization rate (i.e., the same radical concentration), the same number of chains
terminate, but the percentage of dead chains relative to the total number of
growing chains would be very small (<10%). This is because while the total
number of chains in the conventional process equals the sum of dead and prop-
agating chains, in CRP the total number is the sum of dead (~10

 

–3 

 

mol/l), prop-
agating (~10

 

–8

 

 mol/l), and dormant (~10

 

–2

 

 mol/l) chains. The presence of dor-
mant chains that are still functional provides a route to segmented copolymers
without the need for additional transfer agents.

It must be stressed that in CRPs as well as in many other new “living” systems,
termination cannot be fully suppressed and these systems should be distinguished
carefully from true living polymerizations [20–22]. The imperfections in chain
end functionalities and blocking efficiency may not be detrimental to the materi-
als properties, but deviations from the ideal systems should be quantified [23, 24].

There were several early attempts to regulate free radical polymerizations [3,
25–28]. These methods utilized so-called iniferters, i.e., compounds which could
serve as INItiators, transFER agents and TERminating agents. They could be ac-
tivated photochemically [19, 29, 30] or thermally. In the latter case, bulky organ-
ic moieties based on diaryl or triarylmethyl derivatives were used [19, 31–34].
These types of systems have been studied for the formation of segmented copol-
ymers, mostly for block copolymers. These techniques, while useful, did not of-
fer the desired level of control over the polymerizations due to poor molecular
weight control, high polydispersities, and low blocking efficiency. The main dis-
advantages of these systems comprise slow initiation, slow exchange, direct re-
action of “counterradicals” with monomers, and their thermal decomposition.

New methods were developed in the mid-1990s based on the idea of establish-
ing an equilibrium between the active and dormant species [35, 36]. Three ap-
proaches were the most successful:
1. Control via a reversible homolytic cleavage of a weak covalent bond leading

to a propagating radical and a stable free radical. The latter should only react
with the propagating radical and can be a nitroxide [37, 38], an N-based rad-
ical [39], or an organometallic species [40, 41]. They are generally called sta-
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ble free radical polymerizations (SFRP) or nitroxide mediated processes
(NMP) (1 in Fig. 2)

2. Control via a reversible redox reaction between alkyl halides and transition
metal complexes, i.e., atom transfer radical polymerization (ATRP) [42–49]
(2 in Fig. 2)

3. Degenerative chain transfer with alkyl iodides [50, 51] or dithioesters (RAFT
or MADIX) [52–55] (3 in Fig. 2)

The mechanism invoked in these CRP processes to extend the lifetime of grow-
ing radicals from ~1 s to a few hours utilizes a dynamic equilibration between
dormant and active sites with a rapid exchange between the two states. Unlike
conventional radical processes, CRP requires the use of a persistent radical (de-
activator) species, or highly active transfer agents to react with propagating rad-
icals. The persistent radicals/transfer agents react with radicals (deactivation or
transfer reactions with rate constant, k

 

d

 

) to form the dormant species. Converse-
ly, propagating radicals are generated from the dormant species by an activation
reaction (with rate constant, k

 

a

 

).

Pn–X

Pn–X + Y Pn* +  X –Y*
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Fig. 2. The mechanisms of (1) stable free radical polymerizations, (2) reversible redox polym-
erizations (i.e., ATRP), and (3) degenerative chain transfer
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While these three systems possess different components, the general similar-
ities between the CRP processes are in the use of initiators, radical mediators
(i.e., persistent radicals or transfer agents), and in some cases, catalysts (Fig. 2).
It is important to note that while SFRP/NMP and ATRP are subject to the Persist-
ent Radical Effect (PRE) [56] the degenerative processes, such as RAFT, do not
conform to the PRE model due to the transfer dominated nature of the reaction.

 

1.3.1

 

Stable Free Radical Polymerization and Nitroxide Mediated Polymerization 
(SFRP and NMP)

 

In 1993, Georges et al. reported on the controlled radical polymerization of St in-
itiated by benzoyl peroxide and mediated by 2,2,6,6-tetramethyl-1-piperidinyl-
oxyl (TEMPO), a stable nitroxide radical [38]. TEMPO was able to bond revers-
ibly to the polystyryl chain end and provide polystyrenes with predetermined
molecular weights and low polydispersities. Nitroxides used earlier to control
radical polymerizations were less successful [37, 57]. Scheme 3 illustrates the
mechanism of the St polymerization, using a generalized structure of radical in-
itiator I-I, and details the structure of TEMPO. Although several types of nitrox-

Scheme 3. Mechanism of polymerization of styrene using TEMPO-mediated CRP
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ides had been synthesized [58, 59] and their ability to trap radicals reversibly
was known [60], this was the first open literature report on using TEMPO to
moderate a polymerization successfully [37]. Unfortunately, TEMPO can only
be used for the polymerization of styrene-based monomers at relatively high
temperatures (>120°C). With most other monomers, the bond formed is too sta-
ble and TEMPO acts as an inhibitor in the polymerization, preventing chain
growth. With methacrylates, 

 

b

 

-hydrogen abstraction results in a stable hydrox-
ylamine and unsaturated chain ends. The radicals generated from the thermal
self-initiation of St also help to control the rate of polymerization by reacting
with any excess TEMPO that forms due to termination reactions, i.e., operates
via persistent radical effect (PRE) [56].

Since TEMPO is only a regulator, not an initiator, radicals must be generated
from another source; the required amount of TEMPO depends on the initiator
efficiency. Application of alkoxyamines (i.e., unimolecular initiators) allows for
stoichiometric amounts of the initiating and mediating species to be incorpo-
rated and enables the use of multifunctional initiators, growing chains in sever-
al directions [61]. Numerous advances have been made in both the synthesis of
different types of unimolecular initiators (alkoxyamines) that can be used not
only for the polymerization of St-based monomers, but other monomers as well
[62–69]. Most recently, the use of more reactive alkoxyamines and less reactive
nitroxides has expanded the range of polymerizable monomers to acrylates,
dienes, and acrylamides [70–73]. An important issue is the stability of nitrox-
ides and other stable radicals. Apparently, slow self-destruction of the PRE helps
control the polymerization [39]. Specific details about use of stable free radicals
for the synthesis of copolymers can be found in later sections.

 

1.3.2

 

Atom Transfer Radical Polymerization (ATRP)

 

The concept of using transition metal complexes to mediate radical polymeriza-
tions developed out of atom transfer radical addition reactions (ATRA), also re-
ferred to as the Kharasch reaction, which originally used light to generate a rad-
ical [74]. Later, transition metal complexes were used to promote halogen addi-
tion to alkenes through a redox process [75, 76]. As shown in Scheme 4, a lower
oxidation state metal abstracts a halogen from an activated alkyl halide, which
can then add across the double bond of an alkene. The newly formed radical re-
abstracts the halogen from the higher oxidation state metal to form an alkene-
alkyl halide adduct and regenerate the lower oxidation state metal. In efficient
ATRA, trapping of the product radical should be faster than the subsequent
propagation step and reactivation of the adduct should be very slow, maximizing
the yield of the targeted product. This technique has been used extensively with
various metal catalysts [77, 78].
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To promote a polymerization, the newly formed carbon-halogen bond must
be capable of being reactivated and the new radical must be able to add another
alkene. This was accomplished for the radical polymerizations of St and methyl
acrylate (MA), which were initiated by 1-phenylethyl bromide and catalyzed by
a Cu(I)/2,2

 

¢

 

-bipyridine (bpy) complex [42, 79–81]. The process was called “Atom
Transfer Radical Polymerization” (ATRP) to reflect its origins in ATRA. A suc-
cessful ATRP relies on fast initiation, where all the initiator is consumed quickly,
and fast deactivation of the active species by the higher oxidation state metal.
The resulting polymers are well defined and have predictable molecular weights
and low polydispersities. Other reports used different initiator or catalyst sys-
tems, but obtained similar results [43, 82]. Numerous examples of using ATRP
to prepare well-defined polymers can now be found [44–47, 49]. Scheme 4 illus-
trates the concepts of ATRA and ATRP. To simplify schemes 3, 4 and 5, termina-
tion was omitted.

 

1.3.3

 

Degenerative Chain Transfer Including RAFT

 

This technique for controlling radical polymerizations is based on one of the
oldest technique, that of chain transfer, and has often been used in telomeriza-
tion [83]. Similar to the concept of degenerative transfer with alkyl iodides [50,
51, 84], reversible addition fragmentation chain transfer with dithioesters
(RAFT) [52–55, 85] is successful because the rate constant of chain transfer is
faster than the rate constant of propagation. Analogous to both nitroxide-medi-

Scheme 4. ATRA and ATRP
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ated and ATRP reactions, the polymer chains spend the majority of the reaction
time in the dormant state and are only activated for a short period of time. Like
iniferters, the RAFT agents are stabilized dithio compounds, which contain a
small molecule capable of initiating a polymer chain. After homolytic cleavage
to release the initiator, the RAFT agent can reversibly deactivate the polymer
chains, resulting in a level of control over the polymerization not obtained with
other chain transfer agents. Scheme 5 illustrates the concept of RAFT using a
general radical initiator, I-I.

 

1.4
Summary

 

Each of the above methods for controlling the radical polymerization of vinyl
monomers has its strengths and weaknesses. For example, the rates in ATRP can
be easily adjusted through both the amount and activity of the transition metal
complexes (both activator and deactivator). Faster rates in RAFT require larger
amounts of initiators, i.e., more uncontrolled chains, while faster NMP requires
less persistent radicals, which may result in more termination higher polydis-
persities. At the same time, transition metal complexes, although not attached to
the polymer chains, require removal and can potentially be recycled.

Many ATRP initiators, including multifunctional systems, are either commer-
cially available or very simple to make [86, 87]. Alkoxyamines and RAFT rea-
gents are usually prepared from the corresponding alkyl halides. ATRP, however,
requires the aforementioned catalysts, although they can be used in much less
than equimolar amounts. The terminal halogens produced in ATRP can be easily

Scheme 5. The mechanism of RAFT polymerizations
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converted to many useful functionalities, e.g., by nucleophilic substitution [88,
89]. Displacement of nitroxides and dithioesters is more difficult.

The range of polymerizable monomers is the largest for RAFT, but control re-
quires adjustment of the dithioester structure and may be accompanied by re-
tardation when targeting polymers with lower molecular weights [90]. NMP
cannot yet be successfully applied to methacrylates. ATRP can be used to polym-
erize many monomers and, by using the halogen exchange, can be used for very
efficient cross-propagation from acrylates to methacrylates, which is impossible
to achieve by other methods [91].

Thus, each technique has some comparative advantages and limitations. De-
pending on the targeted material, (co)monomers used, range of molecular
weights, composition, topology, and functionality, it may be advantageous to
use one or another method. However, regardless of the drawbacks associated
with each of these techniques, they have all been used extensively to prepare co-
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polymers ranging from simple random copolymers to more complex densely
grafted copolymers. The literature is filled with reports of novel chain architec-
tures made directly, and indirectly, by CRP techniques. The discussion that fol-
lows is a detailed look at the types of copolymers prepared using NMP, RAFT,
and ATRP-based reactions. The review covers the literature of the burgeoning
field of modern controlled radical polymerization from 1993 through early 2001.
The field of CRP develops extremely rapidly. Figure 3 presents the nearly expo-
nential growth in the number of publications on controlled radical polymeriza-
tion or living radical polymerization or atom transfer radical polymerization or
stable free radical polymerization according to a search by SciFinder Scholar on
August 15, 2001. Surprisingly, nearly half of these citations are in some way re-
lated to copolymers. Papers selected for this review were published primarily in
peer reviewed journals.
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Statistical Copolymers

 

The simplest type of copolymer is one where two or more comonomers are si-
multaneously copolymerized. This technique is commonly used to modify
and/or improve the mechanical and physical properties of many polymers. The
relative rates of incorporation of each monomer in a given set of comonomers
will be dependent on their reactivity ratios. These have been determined for the
radical polymerization of numerous monomer pairs [5]. Choosing comonomers
that have reactivity ratios close to 1 produces statistical copolymers, where the
radical chain ends react as often with their own monomer as they do with the
others, assuming equal concentrations of both monomers. If both the reactivity
ratios are significantly higher than 1, indicating that the radical would prefer to
homopropagate rather than cross-propagate, the backbone copolymer exhibits
a more blocky structure. If both are much lower than 1, indicating that both rad-
icals would prefer to cross-propagate, the copolymer takes on an alternating
structure. This is the most typical case for a radical polymerization. If the copo-
lymerization obeys Bernoullian statistics, a random copolymer is formed. How-
ever, polymerization may follow other types of statistics (e.g., Markovian), re-
sulting in a variety of statistical copolymers.

Gradient copolymers, also known as tapered copolymers, describe a chain to-
pology that is generally unique to living polymerizations [6, 8]. They are inter-
mediates between statistical and block copolymers, as shown in Fig.4.

These copolymers result from copolymerizations where one active species
would prefer to homopropagate and the other to cross-propagate, but neither
tendency is extreme. The living requirement stems from fast initiation and the

Random Copolymer

Gradient Copolymer

Block Copolymer

Fig. 4. Illustration of random, block, and gradient copolymers 
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need for an increased lifetime of the active species, which allows for many cross-
propagations to occur during chain growth. For example, a gradient-type back-
bone forms in the radical copolymerization of methyl methacrylate (MMA) with

 

n

 

-butyl acrylate (nBA) [92, 93]. The reactivity ratios are 1.7 for MMA and 0.2 for
nBA. With equimolar amounts of each monomer in the feed, the MMA will be
preferentially incorporated during the early stages of the polymerization, but as
the MMA is consumed, the composition of the nBA in the chain will increase.
This results in a spontaneous gradient along the backbone where each end is en-
riched in each homopolymer but the middle is a tapered segment of both mon-
omers. The properties of such copolymers are quite different from pure block
copolymers [94]. The “breadth” of the gradient will be determined by the reac-
tivity ratios of the comonomers. “Forced” gradient copolymers can also be pre-
pared by continuous or periodic addition of one of the monomers [8].

 

2.1
SFRP/NMP

 

Hawker et al. [95] and Fukuda et al

 

.

 

 [96] both reported on the copolymerization
of St with various monomers in 1996. Hawker reported copolymerizations with
nBA, MMA, and 

 

p

 

-chloromethylstyrene (CMSt), while Fukuda focused on sev-
eral acrylates, 9-vinylcarbazole, and acrylonitrile (AN), and succeeded in pre-
paring block-random copolymers of St with AN (details below). Neither group
found the polymerizations to be well-controlled when low concentrations of St
were present in the comonomer feed. However, since then, NMP has been used
extensively to prepare copolymers. Pozzo et al

 

.

 

 copolymerized St with 4-vinyl
pyridine (VP), initiated by benzoyl peroxide (BPO) and using TEMPO as the
radical mediator [97]. After purification, the copolymer was reacted with spiro
[fluorenecyclopropene] to prepare photochromic copolymers with controlled
molecular weights (Scheme 6).

Expanding on their earlier work, Hawker et al. used the TEMPO system to
synthesize both block and random copolymers of St and 

 

p

 

-acetoxystyrene
(AcOSt). They found that the rate of aqueous base dissolution was much greater
for the random copolymers than for the corresponding block copolymers,
which is of critical importance in microlithography [98]. Similar work by Yosh-
ida used 4-methoxy-TEMPO (MOTEMPO) to copolymerize St with 

 

p

 

-bromosty-
rene [99] or St with 

 

p

 

-methoxystyrene followed by St with 

 

p-tert

 

-butoxystyrene,
and vice versa [100]. The presence of 

 

p

 

-bromostyrene imparted flame resistance
to the pSt [99] and hydrolysis of the 

 

tert

 

-butoxy groups in the other copolymers
led to vinyl phenols without affecting the methoxy groups, providing a route to
vinyl phenol units in the polymer backbone.

The early work by Fukuda et al. on the St/AN systems had found that with an
azeotropic mixture of St with AN, (63 mol% St in the feed), the polymerization
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was controlled, reaching 69% total monomer conversion in 10 h with M

 

n

 

=16,000
and M

 

w

 

/M

 

n

 

=1.23 [96]. Similar control was obtained when a TEMPO-capped pSt
macroinitiator was used for the copolymerization, resulting in a block-random
copolymer with M

 

n

 

=68,000 and M

 

w

 

/M

 

n

 

=1.30. Morphological characterization
indicated the block copolymer formed a lamellar structure and in a selective sol-
vent for pSt, micelles formed, providing evidence for the presence of chemically
linked sequences rather than a blend of two different polymers. Baumert and
Mülhaupt also synthesized copolymers of St with AN, however, they used 4,4

 

¢

 

-
azobis(4-cyanopentanecarboxylic acid) as the initiator, as opposed to the tradi-
tional peroxides, to impart a carboxy functionality onto the chain end [101]. The
monomer feed ratio (73 wt% St/27 wt% AN) was reflected in the unchanging
composition of the copolymer over the entire conversion regime, indicating that
the polymerization was azeotropic. The final polymers had an M

 

n

 

 >17,000 with
a PDI (M

 

w

 

/M

 

n

 

)=1.39. The sequence distribution of AN along the backbone was
similar to that found in conventional free radical copolymerization, indicating
the polymerization proceeded via a radical process [101].

Schmidt-Naake and Butz investigated the copolymerization of St with 

 

N

 

-cy-
clohexylmaleimide (CMI) using the BPO/TEMPO system [102] and found that
the rate of copolymerization was faster than the rate of either homopolymeriza-
tion using the same system. They concluded that the electron-donating St and

N

+ m

BPO

TEMPO

N

O N
R m

H3CO2C

CO2CH3

N

O N
R

CO2CH3

CO2CH3

n

mn

n

Scheme 6. Preparation of photochromic copolymers using a TEMPO-mediated polymeriza-
tion [97]
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the electron-withdrawing CMI formed a donor-acceptor type complex, which
enhanced the rate of monomer addition [102]. In a later work by Lokaj et al

 

.

 

,
substituting 

 

n

 

-butylmaleimide for CMI, resulted in similar findings, even when
St was used to generate the initiating radicals through a thermal processinstead
of adding a small molecule initiator [103]. Alternating and block-alternating co-
polymers have recently been prepared from maleic anhydride and styrene using
the more reactive nitroxides [104].

Schmidt-Naake et al

 

.

 

 investigated the copolymerization of St and 

 

N

 

-vinylcar-
bazole (NVC) initiated by BPO and mediated by TEMPO (Scheme 7) [105]. NVC
cannot be homopolymerized with the TEMPO system and they found that, as the
concentration of NVC in the comonomer feed increased, the rate of the polymer-
ization decreased. However, in the presence of dicumyl peroxide (DCP), the rate
of the polymerization was significantly enhanced compared to the system using
BPO alone as the initiator. They concluded that adding the DCP to the polymeri-
zation reduced the concentration of free TEMPO in the system, analogous to
when radicals are generated from the thermal self-initiation of St, resulting in an
enhanced polymerization rate [105]. This conclusion is similar to those reached
in earlier work by Mardare and Matyjaszewski [106] and Hawker et al

 

.

 

 on the con-
trolled autopolymerization of St in the presence of TEMPO [107] and by Greszta
and Matyjaszewski [108]. Hawker et al. observed that in a copolymerization of St
with MMA (which cannot be homopolymerized in a controlled way with the
TEMPO system), the rate of polymerization decreased as the concentration of St
in the comonomer feed decreased, and an incubation period began to occur, the
length of which was directly related to the concentration of St in the feed. The mo-
lecular weight distributions also increased with a decrease in the concentration
of St. Both systems were dependent on the presence of St to control the concen-
tration of free TEMPO and thus regulate the rate of the polymerization.

In related work, Schmidt-Naake et al. used TEMPO-capped pSt to initiate the
copolymerization of St and 

 

n

 

-butyl methacrylate (nBMA) [109]. The authors
found that the rate of the copolymerization was independent of the concentra-

Scheme 7. Statistical copolymerization of St with NVC mediated by TEMPO [110]
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tion of the macroinitiator and was nearly identical to the rate of thermally self-
initiated copolymerization of St/nBMA mixtures, in agreement with their earlier
results [110], the work of Hawker et al. [107], as well as with the seminal work of
Fukuda et al. [111]. However, although the authors claim that because the poly-
dispersities were low and the molecular weights increased the polymerization
was well controlled, the monomer conversion was limited to 20%, indicating the
presence of irreversible chain breaking reactions, even with a low content of
nBMA in the feed (St:nBMA=8:2) [109].

Nitroxide-mediated polymerizations can also be used to prepare copolymers
that contain various additional functionalities. Ober et al. copolymerized CMSt
with a silicon based styrenic monomer, trimethylsilylmethyl 4-vinylbenzoate
(MVB-TMS), using the BPO/TEMPO system to prepare novel photoresists
(Scheme 8) [112]. The monomer feed ratio of MVB-TMS:CMSt was held con-
stant at 5:1 as was the total degree of polymerization at 200. The molecular
weights were predictable, the polydispersities were low (M

 

w

 

/M

 

n

 

<1.5), and there
was a marked improvement in the lithographic resolution using these copoly-
mers [112]. Jones et al. attempted to prepare copolymers of St and epoxystyrene
(EPSt), but the size exclusion chromatograms were bimodal, indicating that the
polymer chains were not uniform [113]. Further investigation led them to con-
clude that at 124°C, the temperature needed for the St/TEMPO system, the rate
of thermal polymerization of epoxystyrene was high enough to result in poly-
mers that were not controlled in the presence of TEMPO; better results were ob-
tained by ATRP [113].

In general, TEMPO-mediated polymerizations have been successfully used to
prepare copolymers of St-based monomers; however, attempts to incorporate
other monomers have been difficult. The major reason behind this limitation is
that radicals generated by the thermal self-initiation reaction of St are required
to moderate the rate of polymerization by consuming the excess nitroxide pro-
duced by termination. When the ratio of St in the monomer feed is high, copol-
ymerization with non-St based monomers is possible; however, as the level of St

Scheme 8. Synthesis of copolymers for use as electron beam photoresists [112]
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in the feed decreases, the rate of polymerization decreases and the comonomer
consumption is incomplete. Table 1 contains a summary of the types of statisti-
cal copolymers prepared using various TEMPO-based systems, as well as gener-
al information about the polymerization and the corresponding references. Fu-
ture development of new nitroxides should increase the usefulness of this meth-
od for copolymerizations.

 

2.2
ATRP

 

In 1995, Matyjaszewski et al. used ATRP to prepare gradient copolymers of St
with MA using a CuCl/bpy catalyst, and with MMA using a CuBr/bpy catalyst

Table1. Summary of statistical copolymerizations performed in the presence of various 
TEMPO derivatives

Comonomers TEMPO 
deriv.

Results Investigator

St/nBMA TEMPO Controlled if monomer feed St rich Hawker et al. [95], 
Schmidt-Naake et al. 
[109]

St/ClMS TEMPO Controlled if monomer feed St rich Hawker et al. [95]
St/MMA TEMPO Controlled if monomer feed St rich Hawker et al. [95]
St/AN TEMPO Can use as low as 63mol% St in feed Fukuda [96], Baumert 

and Mülhaupt [101]
St/NVC TEMPO Controlled if monomer feed St rich

or additional radical source added
Fukuda et al. [96], 
Schmidt-Naake et al. 
[110]

St/VP TEMPO Controlled if monomer feed St rich Pozzo et al. [97]
St/AcOSt TEMPO Controlled Hawker et al. [98]
St/BrSt MOTEMPO Controlled Yoshida [99]
St/MSt MOTEMPO Controlled Yoshida and Takiguchi 

[100]
St/BuSt MOTEMPO Controlled Yoshida and Takiguchi 

[100]
St/CMI TEMPO Controlled, fast rate of polymeriza-

tion due to donor/acceptor complex 
formation

Schmidt-Naake and Butz 
[102]

St/BMI TEMPO Similar to St/CMI Lokaj et al. [103]
CMSt/MVB-
TMS

TEMPO 5:1 ratio of MVB-TMS:CMSt, 
controlled 

Ober et al. [112]

St/MAh TIPNO Alternating and block/alternating 
copolymers

Hawker et al. [104]

St/EPSt TEMPO Loss of end groups, rate of polymeri-
zation of EPSt too fast at polymeriza-
tion temperature

Jones et al. [113]
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system (Scheme 9) [114]. The copolymerization of a 50:50 molar ratio of St and
MA showed a linear increase of molecular weight with increasing conversion
and a narrow final molecular weight distribution (M

 

w

 

/M

 

n

 

=1.25). In the St/MMA
system, the content of St in the copolymer decreased with an increasing rate of
MMA addition, suggesting the formation of a forced gradient along the back-
bone [114].

Subsequently, gradient copolymers of MMA with MA were prepared via a
one-pot copolymerization as well as a gradient copolymer of St with MA using
a monomer addition technique [6]. The shape of the gradient in the St/MA sys-
tem was altered by changing the rate of MA monomer addition from
0.10 ml/min, which produced a weak gradient, to 0.05 ml/min, which resulted in
an almost blocky type structure in the backbone [6]. Thermal and mechanical
studies on the block, statistical, and forced gradient copolymers of styrene and
methyl acrylate with molecular weights M

 

n

 

~10,000 to 20,000, polydispersiies
M

 

w

 

/M

 

n

 

<1.2, and compositions ~50% are shown in Fig. 5. The DSC and dynamic
mechanical results indicate that the block copolymer has significantly different
properties from the gradient copolymers. The DSC traces show that the forced
gradient copolymer behavior depends on the thermal history. The lower modu-
lus (G

 

¢

 

) of the forced gradient compared to the statistical gradient copolymer
demonstrates that materials with different properties were produced.

Gradient copolymers of St and  AN were also prepared [115, 116]. Since St and
AN have reactivity ratios that are both significantly less than 1, the copolymeri-
zation has an alternating tendency along the backbone with an enrichment in
AN at high conversions. Alternatively, a gradient along the backbone can be

Scheme 9. Copolymers formed using ATRP methods [114]
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Fig.5. DSC (above) and dynamic mechanical results (below) for copolymers of St with MA;
B=blend, R=random, G=gradient, Mn~10,000 to 20,000, Mw/Mn<1.2, compositions ~50%
[6]

 

APS-159.fm  Seite 21  Dienstag, 25. Juni 2002  9:45 09



 

22 K.A. Davis · K. Matyjaszewski

 

forced to occur by adding the second monomer gradually throughout the course
of the polymerization. The shape of the gradient was altered by changing the rate
of addition of the second monomer [115]. The gradient copolymers had thermal
and mechanical properties that were significantly different from the corre-
sponding statistical and block copolymers [116]. This indicates that these types
of copolymers, with a controlled composition along the backbone but with a ho-
mogeneous composition among the chains, show promise as a new class of ma-
terials with tunable properties. Figure 6 shows the results of small angle X-ray
scattering of two low polydispersity S/AN gradient copolymers with the same
content of AN (59 mol%), but different MW (M

 

n

 

=11,000, M

 

w

 

/M

 

n

 

=1.15; M

 

n

 

=
25,000, M

 

w

 

/M

 

n

 

=1.08). The higher MW sample displayed a periodicity of
22.4 nm, but the lower MW sample had only a periodicity of 13.4 nm. The higher
MW sample stayed in the phase separated regime at T>200°C, but the order in
the lower MW sample decreased with increasing temperature and a single phase
was formed at T>150°C. Thus, it is possible to manipulate phase transitions by
changing the MW and, perhaps, the compositions and the shape of the gradient.

Figure 7 shows temperature dependencies of the storage (G

 

¢

 

) and loss moduli
(G

 

¢¢

 

) for both styrene/acrylonitrile gradient copolymers described above. For
comparison, results for a random copolymer are also shown (M

 

n

 

=39,000,
M

 

w

 

/M

 

n

 

=1.08, 

 

f

 

AN

 

=0.45).

f

f

Fig.6. Small angle X-ray scattering of two S/AN gradient copolymers containing. 59mol% AN;
gradient 1: Mn=25,000 and Mw/Mn=1.08; gradient 2: Mn=11,000 and Mw/Mn=1.15 [115]
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a

a

f

f

f

Fig.7a,b. Temperature dependencies of the storage (G¢) and loss moduli (G¢¢) for St/AN gra-
dient copolymers containing 59mol% acrylonitrile: a) Mn=11,000, Mw/Mn=1.15; b) Mn=
25,000, Mw/Mn=1.08; random copolymer: Mn =39,000, Mw/Mn=1.08, fAN=0.45 [115]
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Several other reports on copolymerizations using the copper-based ATRP
systems have been reported. Haddleton et al. investigated the MMA/nBMA sys-
tem and showed that the reactivity ratios of the two monomers supported a rad-
ical mechanism [117]. Arehart and Matyjaszewski investigated the copolymeri-
zation of St with nBA, initiated by 1-phenylethyl bromide and catalyzed by a Cu-
Br/4,4¢-di-(5-nonyl)-2,2¢-bipyridine (dNbpy) system [118], and showed that the
rate of the reaction progressively decreased with increasing monomer conver-
sion. This could be attributed to the decomposition of the pSt chain ends in the
presence of the relatively polar nBA monomer as well as to differences in the
equilibrium constants for ATRP of St and nBA. The reactivity ratios and the tac-
ticity of the final copolymers were similar to those found in a free radical proc-
esses, again indicating that the process was radical in nature [118]. Similar re-
sults were obtained by Chambard and Klumperman [119]. Vairon et al. used a
slightly different system, chlorodiphenylmethane as the initiator in conjunction
with a CuCl/bpy catalyst. This system is homogeneous in the presence of small
amounts of N,N-dimethylformamide, and was used to copolymerize St with
nBA. They found that the copolymer formed from a 1:1 molar ratio of St with
nBA had a single glass transition temperature (Tg) at 26 °C, different from the
two Tgs observed for a block copolymer [120].

The copolymerization of MMA with nBA was also studied using different cat-
alytic systems. The calculated reactivity ratios were close to those for a conven-
tional radical polymerization and similar for different Cu-based catalytic sys-
tems (bpy, PMDETA, and Me6TREN) [92]. The distribution of triads and the pol-
ymer stereochemistry was as in any other free radical system [93].

The same monomer pair, as well as MMA/nBMA, were simultaneously copo-
lymerized under heterogeneous conditions in water. Statistical copolymers with
low polydispersities (Mw/Mn<1.25) were prepared in high yield [121, 122].

The unsuccessful attempts to copolymerize St with EPSt using a nitroxide-
mediated reaction led Jones et al. to investigate ATRP as an alternative [113].
They used the CuBr/bpy catalyst system in conjunction with methyl 4-(bro-
momethyl)benzoate as the initiator. The copolymers had monomodal GPC
curves and narrow molecular weight distributions (Mw/Mn<1.25) when the
monomer feed contained <10% of the epoxystyrene and the polymerization
temperature was kept at 100 °C. This is in contrast to the results obtained from
the TEMPO-mediated polymerization where all the copolymers had bimodal
GPC traces and broad molecular weight distributions [113].

There have been several other well-defined random copolymers based on
styrene derivatives prepared with trimethylsilylstyrene [123], p-acetoxystyrene
[124], p-methoxymethylstyrene, and p-acetoxymethylstyrene [125]. The re-
sulting copolymers served as precursors to functional materials with Si, phe-
nol, or hydroxybenzyl moieties, or for subsequent crosslinking or grafting
processes.

APS-159.fm  Seite 24  Dienstag, 25. Juni 2002  9:45 09



2 Statistical Copolymers 25

Sawamoto et al. used the RuCl2(PPh3)3/Al(OiPr)3 catalyst to prepare St/MMA
copolymers [126]. They found that the polymerization proceeded well using 1-
phenylethyl bromide as the initiator and that the composition of the copolymer
matched the comonomer feed composition, or behaved azeotropically [126].
The polymers were well-defined, with predictable molecular weights and rela-
tively low polydispersities (Mw/Mn<1.5). The reactivity ratios were similar to
those determined from conventional free radical processes. Later work used a
NiBr2(n-Bu3P)2 catalyst system for the ATRP of a 50/50 mixture of MMA/MA
and MMA/nBA [127]. The results indicated that the copolymerization was con-
trolled with copolymer Mn=11,800 (Mw/Mn=1.47) and 12,500 (Mw/Mn=1.47), re-
spectively.

Using Wilkinson’s catalyst, RhCl(PPh3)3, Jerome et al. reported a successful
copolymerization of MMA with 2-hydroxyethyl methacrylate (HEMA) [128].
The polymerization was carried out without the addition of the Lewis acid
Al(OiPR)3 that was necessary for the ruthenium system and showed that the sys-
tem was tolerant to the hydroxy functional groups, as expected for a radical
process [128]. Demonceau et al. later modified the ruthenium system and used
RuCl2(p-cymene)(PR3) (R=alkyl group that can be adjusted for each monomer)
for the copolymerization of MMA with HEMA, as well as with methacrylic acid
(MAA), further showing that adjusting the ligands can eliminate the need for
added Lewis acid [129].

Alternating copolymers belong to a general class of periodic copolymers.
They can be formed from a comonomer pair which strongly prefer crosspropa-
gation over homopropagation. This is the case of electron rich and electron poor
pair, such as N-phenyl and N-cyclohexyl maleimides/styrenes as well as iso-
butene/AN and MA systems [86, 130, 131]. Attempts to incorporate maleic an-
hydride (MAh) failed, apparently due to catalyst poisoning. Recently, Li et al. re-
ported on preparation of alternating copolymers of St with different substituted
maleimides via ATRP [132]. A CuBr/bpy catalyst system was used to polymerize
a 50/50 molar ratio of St with N-(2-acetoxyethyl) maleimide (AEMI) or with N-
phenylmaleimide (PMI) at 80 °C (Scheme 10). Both polymerizations followed
first-order kinetics in monomer consumption, indicating a constant concentra-
tion of active species throughout the polymerization; however, the rate of po-

Scheme 10. Alternating copolymers of St with maleimide monomers prepared by ATRP [132]
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Table 2. Summary of statistical copolymerizations performed using ATRP systems

Comonomers Catalyst Comments Investigator

St/MA CuCl/bpy 50:50 mole ratio, Mw/Mn<1.3 Matyjaszewski et al. 
[114]

St/MMA CuBr/bpy St content decreases with increa-
sing monomer conversion, tapered

Matyjaszewski et al. 
[6, 114]

MMA/MA CuBr/bpy MA content increases with
increasing monomer conversion

Greszta and Matyjas-
zewski [6]

St/AN CuBr/bpy Forced gradient, different 
mech. properties than statistical 
copolymer

Matyjaszewski et al. 
[115, 116]

MMA/nBMA CuBr/PCPIa r1 (MMA)=0.98, r2 (nBMA)=1.26 Haddleton et al. 
[117]

St/MMA RuCl2(PPh)3/
Al(OiPr)3

Azeotropic copolymerization Sawamoto et al. 
[126]

MMA/BA CuBr/bpy, TREN 
and PMDETA

Similar reactivity ratios to
conventional RP, similar 
sequences and tacticity

Ziegler and Matyjas-
zewski [92], Madru-
ga et al. [93]

MMA/BA; 
MMA/MA

NiBr2(P n-Bu3) 2/ 
Al(Oi-Pr)3

50:50 MMA:BA or MMA:MA, 
Mn<13,000, Mw/Mn<1.5

Sawamoto et al. 
[127]

MMA/HEMA RhCl(PPh3)3 Well-controlled Jerome et al. [128]

MMA/HEMA RuCl2/(p-
cymene)(PR3)

90:10 MMA:HEMA, controlled Demonceau et al. 
[129]

MMA/MAA RuCl2/(p-cymene) 
(PR3)

95:5 MMA:MAA, controlled Demonceau et al. 
[129]

St/nBA CuBr/dNbpy Reactivity ratios as expected for 
radicals

Matyjaszewski [118]; 
Klumperman [119]

St/nBA CuBr/bpy 1:1 nBA:St, single Tg Vairon et al. [120]

St/EPSt CuBr/bpy <10% EPSt controlled Jones et al. [113]

MA/VOAc CuBr/bpy <30% of VOAc incorporated, 
Mn=11,140, PDI=1.16

Matyjaszewski et al. 
[86]

St/pAcOSt CuBr/bpy Azeotropic copolymerization Kops et al. [124]

St/pMe-
OMeSt;St/
pMeOAcSt

CuBr/bpy For grafting after deprotection Doerffler and Patten 
[125]

St/Sty-TMS CuBr/bpy Azeotropic copolymerization McQuillan et al. 
[123]

St/PMI;AN/IB;
MA/IB

CuBr/bpy Alternating copolymers, 
Mn=4730, PDI=1.19

Matyjaszewski et al. 
[86]

St/AEMI or 
St/PMI

CuBr/bpy Alternating structure along the 
backbone

Li et al. [132]

a 2-Pyridine-carbaldehyde n-propylimine
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lymerization of the AEMI was faster than the PMI system, and this was attribut-
ed to differences in the solubilities of the catalyst system [132]. There was a lin-
ear increase of the molecular weight with conversion in both systems, indicating
negligible transfer. Analysis of the composition of the copolymer confirmed the
alternating structure of the backbone over a large range of monomer feed con-
ditions.

ATRP is a useful tool for preparing statistical copolymers with various mon-
omer combinations. Unlike the TEMPO systems detailed above, the ATRP sys-
tems can be used to copolymerize styrene, acrylate, or methacrylate based com-
binations, potentially leading to materials with better and/or different physical
and mechanical properties than the corresponding homopolymers or block co-
polymers. This may also include monomers which cannot yet be homopolymer-
ized by ATRP such as isobutene or vinyl acetate [86, 130]. Table 2 summarizes
statistical copolymers prepared using ATRP systems.

2.3
Degenerative Transfer Processes

RAFT has also been used to prepare copolymers. The copolymerization of MMA
with nBA in the presence of cumyl dithiobenzoate as the transfer agent resulted
in a polymer with a gradient of composition along the backbone, well-defined
molecular weights, and low polydispersities [53]. Several copolymers were made
by degenerative transfer with alkyl iodides [133].

Interesting alternating copolymers and alternating/block copolymers were
also prepared from styrene and maleic anhydride [134]. It has been earlier re-
ported for conventional radical systems that tendency for alternation can be en-
hanced in the presence of Lewis acids, e.g., using EtAlCl2 in St/MMA system
[135–137]. Using the same Lewis acid in addition to a RAFT reagent, Matyjasze-
wski et al. obtained a strongly alternating copolymer between St and MMA with
a low polydispersity [138].

Simultaneous copolymerization of MMA with MMA terminated po-
ly(dimethylsiloxane) macromonomers results in the formation of a gradient of
composition of PDMS units along the backbone due to a lower macromonomer
reactivity which additionally decreases at lower temperatures [139].

2.4
Comparison of Various CRP Methods Applied to Statistical Copolymers

Statistical copolymers are an important class of materials, as their properties
can differ significantly from the corresponding homopolymers or block copoly-
mers. The major problem, prior to the advent of CRP methods, was that with
conventional radical processes, slow continuous initiation produced a compo-
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sitional drift among the chains and mixtures of the different copolymers and
homopolymers were obtained. With CRP methods, the nearly simultaneous
growth of all the polymer chains produces a homogeneous composition among
the polymer chains, providing a route to a structure/property correlation. All
CRP methods can be used to prepare these types of copolymers; however, each
has distinct advantages and disadvantages. The reversible activation process in
ATRP may alter some regio, stereo and chemoselectivity. In copolymerization,
differences in activation/deactivation will effect relative concentration of ac-
tive centers and overall rates. They should have minimal effects on relative
rates of monomer consumption, especially, if comonomers tend to alternate.
However, for reactivity ratios >1, faster activation of the dormant species de-
rived from one monomer should lead to its faster incorporation into polymer
chain, especially at low conversion when the crosspropagation equilibrium is
not yet established. A similar effect will be observed if one monomer reacts
with the initiator faster than the other one. This may provide apparent reactiv-
ity ratios, different from those in the process without reversible activation.
Thus, low conversion data in copolymerization in ATRP and other CRP proc-
esses are less reliable for the reactivity ratios determination. Additional com-
plications may be due to the potential complexation of comonomers with tran-
sition metal complexes.

The TEMPO system can be used for systems containing some St, which is re-
quired to moderate the rate of polymerization through spontaneous formation
of radicals that consume any excess TEMPO. The disadvantage is that St must be
present in order to use TEMPO or the addition of a radical “source” is necessary
(i.e., DCP [108]). New nitroxides have overcome this limitation, and can be used
to incorporate dienes and acrylates into (co)polymers, but methacrylates re-
main a challenge (see below). Little information about copolymers prepared by
RAFT is presently available, but it shows promise as a technique for incorporat-
ing difficult monomers like vinyl acetate into polymers prepared by CRP meth-
ods. ATRP is versatile and robust since the catalyst system can be tuned to ac-
commodate the desired monomer combinations through choice of both the
transition metal and the ligand. Some systems may not be well-suited to specific
comonomer combinations, however, due to strong differences in the equilibri-
um constants, which may produce too much deactivator, or too low a concentra-
tion of the active species, and therefore lead to incomplete monomer consump-
tion. This can also occur in the nitroxide systems. Although the ATRP catalyst
systems are generally robust and can tolerate several different types of impuri-
ties, some monomers (especially acids) may poison the catalyst and no polym-
erization occurs. This is less of a concern with either the RAFT or nitroxide sys-
tems. In general, the CRP methods can easily be used to prepare statistical and
gradient copolymers. TEMPO can be used for systems containing St, while new-
er nitroxides can be used for acrylates and dienes. ATRP can be used for acr-
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ylates, methacrylates, styrenes, and acrylonitrile with the choice of catalyst de-
pending on the comonomer system. VOAc, IB, and other comonomers not yet
homopolymerizable by ATRP can also be incorporated via other methods.
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by Controlled/Living Radical Polymerizations

3
Linear Block Copolymers

There have been numerous literature reports on the preparation of block copol-
ymers using CRP methods. These copolymers range from those synthesized
wholly by CRP to those that involve either transformation from other living po-
lymerization techniques (anionic, cationic, ring-opening, etc.) to CRP, or func-
tionalization of a macromolecule that can then be used as a macroinitiator for
CRP. Each of these methods will be addressed separately. Nitroxides were pre-
dominantly used for styrene containing copolymers, whereas ATRP was success-
ful for the acrylates and methacrylates as well [42].

3.1
Linear Block Copolymers Prepared Exclusively by CRP Methods

3.1.1
SFRP/NMP

The following sections detail the literature reports pertaining to the synthesis of
block copolymers using nitroxide-mediated polymerization techniques. The
sections are organized according to monomer type and generally follow the his-
torical development of the particular subsection. Most literature on nitroxide
mediated preparation of block copolymers is found for the styrene-based mon-
omers, and is summarized first. This is followed by acrylates and dienes, as they
were the next monomers to be studied. These sections are followed by more re-
cent work with vinyl pyridine, acrylamides, and maleic anhydride. The final sec-
tion deals with methacrylates. This is presented last to stress the importance of
developing new nitroxides that can successfully be used for the homopolymeri-
zation of methacrylate-based monomers.

3.1.1.1
Styrene-Based Monomers

The majority of the block copolymers initially prepared using nitroxide-medi-
ated polymerizations were based on styrene derivatives, simply because they
were compatible with a TEMPO based system. Bertin and Boutevin conducted
the CRP of CMSt in the presence of BPO and TEMPO to form a polymer which
was chain extended with St to yield a block copolymer with a number average
molecular weight, Mn=72,000 and a rather high polydispersity, Mw/Mn=1.8
(Scheme 11) [140]. The authors concluded that the blocking efficiency, which
corresponds to the extent of functionality in the macroinitiator, was only 83%,
resulting in a copolymer contaminated with a significant proportion of pCMSt
homopolymer [140]. Yoshida and Fujii prepared various chlorostyrenes (CSt)

Advances in Polymer Science, Vol. 159
© Springer-Verlag Berlin Heidelberg 2002
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homopolymers with the intention of using them as macroinitiators for a St po-
lymerization; however, they utilized MOTEMPO instead of TEMPO [141]. They
determined that the degree of polymerization was predictable based on the ini-
tial ratio of monomer to MOTEMPO and that the blocking efficiency decreased
based on the position of the chloro substituent in the following order: 2>3>4.
With p(4-CSt), bimodal GPC curves were observed [141], in accordance with the
low blocking efficiency found by Bertin and Boutevin [140]. Yoshida attributed
this to decomposition of the MOTEMPO chain end in poly(4-CSt). Later work by
Boutevin et al. suggested that transfer reactions occurred between the TEMPO
and the chloromethyl groups, thereby broadening the molecular distributions.
However, when benzyl chloride was used as a model, there were no significant
byproducts detected in the TEMPO-mediated polymerization of St to support
this premise [142]. Nevertheless, they used pCMSt as the macroinitiator for the
polymerization of St, and obtained no improvement over their earlier results
[140].

In related work, Yoshida also prepared block copolymers of p-bromostyrene
(BrSt) and St using MOTEMPO as the radical mediator [99]. Several low molec-
ular weight pBrSt macroinitiators were prepared for the preparation of block co-
polymers with St, resulting in the formation of block copolymers with signifi-
cantly higher molecular weights than the macroinitiator. However, the GPC trac-
es were bimodal for two out of the three block copolymers, indicating there was
a significant proportion of dead macroinitiator, about 10% based on the author’s
calculations [99]. Block copolymers prepared with the reverse order of blocks
showed a significant increase in the polydispersity, from 1.14 to 1.34 upon addi-
tion of the BrSt, indicating the second block was not as well controlled as the first
[99].

Catala et al. [143] prepared block copolymers of St with a substituted St, p-
tert-butylstyrene (tBuSt); however, they used the 1-phenylethyl adduct of a
slightly different nitroxide, di-tert-butyl nitroxide, to mediate the polymeriza-
tion (A-T, Fig. 8) [63, 144]. This nitroxide allowed the polymerization to occur
under milder conditions than normal for TEMPO-mediated reactions (90 °C vs

Scheme 11. Preparation of block copolymers of CMSt and St using TEMPO
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120 °C). However, when this system was used for the homopolymerization of
tBuSt, the monomer conversion had to be limited to <30% to avoid the forma-
tion of an insoluble network [143]. When pSt chain ends, capped with the di-
tert-butyl nitroxide, were used to initiate the polymerization of tBuSt, chain ex-
tension resulted in well-defined copolymers with predictable molecular weights
and narrow molecular weight distributions (Mw/Mn=1.2–1.3) [143]. Fukuda et
al. also used nitroxide-mediated polymerizations to incorporate substituted sty-
renes into block copolymers, in particular p-tert-butoxystyrene (tBOSt) [145].
When 2-benzoyloxy-1-phenylethyl TEMPO was used as the unimolecular initi-
ator, the authors found the polymerization was controlled and the resulting pt-
BOSt could be used successfully as a macroinitiator for a St polymerization. Sub-
sequent acid hydrolysis of the tert-butoxy groups led to block copolymers of
poly (p-vinyl phenol)-b-polystyrene, which microphase separated to produce la-
mellar and cylindrical morphologies [145]. This work preceded Yoshida and
Takiguchi’s investigation of the random copolymers incorporating tBOSt dis-
cussed in the previous copolymer section [100].

Laus et al. also investigated a chain extension of pSt-TEMPO with a substitut-
ed styrene, phthalimide methylstyrene (PIMS) [146], with the objective of incor-
porating the PIMS, then deprotecting it to produce the amino functional poly-
mers, according to Scheme 12.

Both AB and ABA triblock copolymers were targeted. When higher molecular
weight pSt macroinitiators were used (DP>100), AB diblock was contaminated
by the formation of homopolymer of PIMS, presumably by a thermally initiated
polymerization mechanism. However, when a lower molecular weight macroin-
itiator was used (DP=38), the rate of formation of the block copolymer was fast-
er than the rate of the thermally initiated polymerization, effectively eliminating
formation of the homopolymer of PIMS, and leading to successful synthesis of
pure block copolymer [146]. These AB block copolymers were then chain ex-
tended further with St; however, the GPC traces were bimodal, indicating a sig-
nificant portion of dead chains. Nevertheless, the deprotection reaction was car-
ried out on both the AB and ABA block copolymers producing blocks with ami-
no-functionality, which was confirmed through IR analysis [146].

N

C(CH3)3

C(CH3)3

O

Fig. 8. Structure of A-T [63, 144]
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Wan et al. used TEMPO-mediated polymerizations to prepare liquid crystal-
line (LC) polymers [147, 148]. pSt-TEMPO was chain extended with a mesogen-
jacketed LC monomer, 2,5-bis [(4-methoxyphenyl)oxycarbonyl] styrene
(MPCS, Fig. 9) to form a rod-coil diblock copolymer. The resulting copolymer
had an Mn=19,500 with an Mw/Mn=1.48. There was tailing to lower molecular
weights, indicating the presence of some unreacted macroinitiator, but after ex-
traction with cyclohexane, the remaining macroinitiator was removed, leaving
pure block copolymer. 1H and 13C HMR analysis indicated the presence of both
blocks, as did DSC analysis, which showed two Tgs, one at 117.2 °C (pMPCS) and

Scheme 12. Preparation of amino-functional block copolymers using TEMPO-mediated po-
lymerization [146]

COOOOC OCH3H3
CO

Fig. 9. 2,5-bis [(4-Methoxyphenyl)oxycarbonyl] styrene (MPCS) [148]
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the other at 93.2 °C (pSt) [148]. In contrast to the authors experience with a ran-
dom copolymer of St with MPCS, the molar content of the MPCS in the block co-
polymer needed to display LC behavior was significantly lower (27–37% vs
79%), suggesting that the close proximity of the bulky side groups in the blocks
may force the polymer chain into an extended conformation, thereby producing
the desired rod-coil structure [148].

Other LC-based copolymers incorporating styrene-based monomers were
prepared by Ober et al. [149] who chain extended pAcOSt-TEMPO (Mn=7000,
Mw/Mn=1.18) with [(4¢-methoxyphenyl)4-oxybenzoate]-6-hexyl (4-vinylben-
zoate) (MPVB, Fig. 10). The reactions were controlled, with molecular weights
ranging from Mn=12,600–23,000 and Mw/Mn=1.19–1.44. The content of pMPVB
in the copolymer determined by 1H NMR increased as the molar ratio of the
MPVB to pAcOSt-TEMPO increased [149]. For two out of the three copolymers
prepared a smectic-isotropic transition was observed; however, it was at a value
lower than expected based on the composition of the copolymer, even after an-
nealing. X-Ray diffraction patterning indicated that the copolymer was oriented
in a lamellar morphology and that the smectic layers were perpendicular to the
block copolymer lamellae [149].

The copolymers of St with CMI prepared by Schmidt-Naake et al., detailed in
the section on copolymers, were subsequently chain extended with St to produce
novel block copolymers, with an Mn>50,000 and a PDI<1.5 [102]. Although the
blocking efficiency was not calculated, the gel permeation chromatography
(GPC) results indicate that the macroinitiator functionality was high, as evi-
denced by the movement of the macroinitiator peak to higher molecular weights
with the chain extension [102]. Likewise, copolymers of St with NVC were also
chain extended with St to prepare block copolymers [110]. However, even
though the authors claim chain-end functionality was high, the polydispersity
of the final block copolymer increased from 1.21 to 1.45 and the GPC trace con-
tained a long tail to lower molecular weight, indicating the presence of a signif-
icant amount of unextended macroinitiator [110]. Baumert and Mülhaupt used
TEMPO-terminated pSt to initiate the copolymerization of St with AN. pSt pre-

COO OCH3
COO(CH2)6O

Fig. 10. [(4¢-Methoxyphenyl)4-oxybenzoate] -6-hexyl (4-vinylbenzoate) (MPVB) [149]
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pared containing an a-carboxy functionality was used successfully to prepare
the functional copolymers, which were proposed for different types of post-
functionalization reactions [101].

Armes et al. prepared TEMPO-capped poly(sodium 4-styrenesulfonate) (SSt)
using potassium persulfate as the initiator in refluxing solution of a 3:1 v:v mix-
ture of ethylene glycol and water at 120 °C [150], which was then used as a mac-
roinitiator for the successful preparation of block copolymers with 4-(dimethyl-
amino)methylstyrene (DMAMS) and sodium 4-styrenecarboxylate (SSC). The
pSSt-b-pDMAMS block copolymer formed an insoluble zwitterionic complex
when exposed to an acidic environment, which was reversible upon addition of
base. The formation of the pSSt-b-pSSC block copolymer was confirmed using
dynamic light scattering because the block copolymers could not be analyzed
using GPC [150]. When the weakly acidic carboxylate groups became fully pro-
tonated, the block became hydrophobic, resulting in micelle formation with the
size of the micelles dependent on the content of pSSt in the block copolymer.
Scheme 13 contains an illustration of this system.

Nowakowska et al. also used nitroxide-capped pSSt macroinitiators (in this
case, HTEMPO) as the macroinitiator for the preparation of a block copolymer
[151]. Their goal was to incorporate vinyl naphthalene (VN) and use the result-
ing block copolymers as photocatalysts. Although there was little data presented
to support the conclusion that the polymerization was “living”, there was signif-
icant spectroscopic evidence to confirm the presence of some pVN in the block
copolymer and that the behavior of the block copolymer was different from the
statistical copolymer [151].

Scheme 13. Synthesis of water soluble block copolymers by TEMPO-mediated polymeriza-
tions [150]
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Table 3 contains a summary of the types of St-based block copolymers pre-
pared using nitroxide-mediated CRP methods. As detailed in the above discus-
sion and in the table, using TEMPO as a mediator for St-based monomers results
in successful sequential polymerizations to form block copolymers, even for
monomers with bulky substituents such as those containing LC functionalities.
Some side reactions are apparent, however, when halogenated St-based mono-
mers are used, leading to lower blocking efficiencies. The following section de-
scribes the difficulties associated with incorporating other monomers into block
copolymers using the TEMPO system and some strategies used to overcome
them.

Table 3. Summary of St-based block copolymers prepared using nitroxide-mediated CRP 
methods

Macroin. Block Nitroxide Comments Investigator

p4-CMSt St TEMPO p(CMSt) homopolymer remained Boutevin et al. 
[140, 142]

pCSt St MOTEMPO Blocking efficiency function of 
substituent position: 2>3>4

Yoshida and Fuji 
[141]

pBrSt St MOTEMPO Bimodal GPC, dead macroinitiator Yoshida [99]

pSt BrSt MOTEMPO Monomodal, Mw/Mn ≠ 1.14 to 1.34 Yoshida [99]

pSt tBuSt A-T Lower T than TEMPO, <30% 
conversion of tBuSt to avoid 
network formation

Catala et al. [143]

ptBOSt St TEMPO Controlled, hydrolysis to vinyl 
phenol units

Fukuda et al. 
[145]

pSt PIMS TEMPO Deprotected to form amino-
functional blocks

Laus et al. [146]

pSt MPCS TEMPO Rod-coil diblock copolymer, LC 
behavior at 27–37mol% MPCS

Wan et al. [147, 
148]

pAcOSt MPVB TEMPO Smetic-isotropic transitions 
observed

Ober et al. [149]

p(St-r-CMI) St TEMPO High chain end functionality Schmidt-Naake 
and Butz [102]

p(St-r-NVC) St TEMPO Mw/Mn ≠ 1.21 to 1.45, tailing Schmidt-Naake 
and Butz [102]

pSt St/AN TEMPO Controlled, high blocking efficiency Baumert and 
Mülhaupt [101]

pSSt DMAMS TEMPO Zwitterionic complex in acid Armes et al. [150]

pSSt SSC TEMPO Micelle formation when SSC 
protonated

Armes et al. [150]

pSSt VN HTEMPO Block behavior different from 
statistical copolymer

Nowakowska 
et al. [151]
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3.1.1.2
Acrylate Monomers

There have been attempts to use TEMPO-mediated polymerizations to produce
block copolymers with monomers other St-based monomers. One of the earliest
was by Georges et al., who used 4-oxo-TEMPO (OTEMPO) in the presence of
AIBN for the polymerization of nBA, which was followed by a chain extension
with St [152]. Although the authors claimed that this system was “living”, they
offered no monomer conversion data and the molecular weight distributions for
either pnBA or pSt-b-pnBA were significantly higher than for pSt polymerized
with the OTEMPO system (Mw/Mn=1.29–1.53 vs. 1.14) [152]. This indicates that
the nBA system was less controlled than the St system. No molecular weight data
was provided for the chain extension of pnBA with t-butyl acrylate (tBA); how-
ever, the GPC traces indicate some dead polymer chains based on a long low mo-
lecular weight tail.

Zaremski et al. investigated the polymerization of MA using TEMPO and pSt
TEMPO as (macro)initiators [153]. Their initial results suggested that, due to the
dynamics of the equilibrium, even a small amount of excess TEMPO in the sys-
tem affected the rate of polymerization of MA and that to have a successful po-
lymerization, the ratio of active chains and nitroxyl radicals should be as close
to one-to-one as possible. Using pSt-TEMPO macroinitiators, which conform to
this requirement, they found that although the pSt can act as an initiator, it was
consumed slowly during the polymerization and the monomer conversion of
MA did not increase above 60–70% [153]. The initial rate of polymerization de-
creased with time and began to fall off significantly around 60% monomer con-
version. Analysis of the extracted products showed no evidence of pSt macroin-
itiator, nor pMA homopolymer, only the block copolymer. The authors suggest-
ed that the polymerization changed from a living mechanism to a “dead end”
one as a result of a build-up of free TEMPO in the system from bimolecular ter-
mination. EPR analysis showed that free TEMPO was present, with a concentra-
tion on the order of 10–5 mol/l, which supported the idea that the polymerization
could no longer continue [153].

Barbosa and Gomes used the AIBN/TEMPO system to homopolymerize a
side-chain LC acrylate monomer, 4¢-ethylbiphenyl-4-(4-propenoyloxy-buty-
loxy)benzoate (EBPBB, Fig. 11) [154]. The polymerization was carried out at
135 °C for 48 h, resulting in a monomer conversion of 78% and a polymer Mn=

CO2 (CH2)4 O CH2CH3CO2

Fig. 11. 4¢-Ethylbiphenyl-4-(4-propenoyloxybutyloxy)benzoate (EBPBB) [154]
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6900 with Mw/Mn=1.47. 1H NMR analysis of the product confirmed the presence
of TEMPO-capped chain ends, but the amount was not quantified. Chain exten-
sion with St (16 h, 34% monomer conversion) produced a copolymer with an in-
creased molecular weight (Mn=9700); however, the molecular weight distribu-
tion nearly doubled (Mw/Mn=2.61) [154]. Although the authors showed there
was an LC phase transition centered at 141 °C and claimed the polymerization
was “living”, the results suggest problems similar to those discussed for the
above nBA/St systems.

Gnanou et al. reported the first successful homopolymerization of nBA in
1997 [70, 72, 155] using a new nitroxide, N-tert-butyl-N-[1-diethylphosphono-
(2,2-dimethylpropyl)] nitroxide (DEPN, Fig. 10). This nitroxide not only afford-
ed faster polymerization rates at lower temperatures for the polymerization of
St, but also allowed the controlled polymerization of nBA [73, 156]. Further in-
vestigation showed that the success of the system lay in changing the equilibri-
um between the dormant chain and active species to favor the formation of a
higher concentration of active species and therefore required the addition of free
DEPN for full control [73] via the persistent radical effect [56]. Gnanou et al. also
demonstrated that N-tert-butyl- [1-phenyl-(2-methylpropyl)] nitroxide (BPPN,
Fig. 12) could be used to moderate the polymerization of St, resulting in poly-
mers with Mw/Mn<1.10 [156].

Hawker et al. prepared the 1-phenylethyl adduct of BPPN, i.e., 2,2,5-trime-
thyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane, (TMPAH, Fig. 13) and found
that it was useful for the controlled homopolymerizations of St, nBA, acryloni-
trile, and N,N-dimethylacrylamide [71]. For example, the homopolymerization
of DMA resulted in polymers with Mn=4000–55,000 with Mw/Mn=1.15–1.21.
TMPAH was also used to prepare random copolymers containing St or nBA and
the above monomers, in addition to copolymers with MMA, acrylic acid, 2-hy-
droxyethyl acrylate (HEA), and glycidyl acrylate. As with DEPN, it was necessary
to add the free nitroxide to mediate the polymerization rate, but the resulting

N

C(CH3)3

O

(H3C)3C

P

O

OEt

OEt

N

C(CH3)3

O

(H3C)2HC

DEPN BPPN

Fig. 12. Structures of N-tert-butyl-N- [1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide
(DEPN) and N-tert-butyl- [1-phenyl-(2-methylpropyl)] nitroxide (BPPN) [155, 156]
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polymers had predictable molecular weights and narrow molecular weight dis-
tributions, a significant improvement over the TEMPO system [71]. Block copol-
ymers of nBA and St were possible, but only when low molecular weight pSt
macroinitiators were used and a high degree of polymerization was targeted for
the nBA block. Proceeding in the reverse order, however, using a pnBA macroin-
itiator, the polymerization was successful, producing well-defined pSt blocks
with narrow molecular weight distribution (Mw/Mn=1.19) [71].

3.1.1.3
Diene Monomers

Georges et al. have reported on the use of TEMPO-capped pSt to prepare block
copolymers with dienes like isoprene (IP) and 1,3-butadiene (BD) [157]. The au-
thors prepared low molecular weight pSt, characterized it by 1H NMR, then chain
extended it with BD. They showed that the resonances associated with the pSt-
TEMPO chain end disappeared and were replaced by the resonances associated
with a pBD-TEMPO chain end. There was a shift in the GPC trace to higher mo-
lecular weights and a decrease in the molecular weight distribution upon chain
extension. Subsequently, pSt macroinitiators were chain extended with IP, fol-
lowed again by St polymerization [157]. This produced an unsymmetrical ABA
triblock copolymer; however, with the third monomer addition, the molecular
weight distribution was fairly unsymmetrical, although the molecular weight dis-
tribution decreased slightly (Mw/Mn=1.30 vs 1.24). The increase in the molecular
weight was not large enough to access the chain end functionality of the pSt-b-
pIP copolymer macroinitiator, but the lack of shift of the entire trace to higher
molecular weights may indicate a limited chain end functionality [157].

Later work focused on preparing homopolymers of nBA and IP in the pres-
ence of an added reducing agent (either glucose or a-hydroxy ketones) [158].

N

O

TMPAH

Fig. 13. 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (TMPAH) [71]
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This resulted in some improvement of the polymerizations due to a decrease in
the concentration of free TEMPO and allowed for an increased reaction yield,
but only the IP polymerization appeared to be well-controlled [158]. The poly-
dispersities of the pnBA prepared in the presence of either glucose or hydroxy-
acetone were always >1.5, with significant tailing to lower molecular weights in
the GPC traces.

TMPAH was used successfully for the homo-, co-, and block polymerizations of
IP. In this case, due to the less reactive diene monomer, no additional free nitroxide
was necessary to control the polymerization and both low and high molecular
weight polymers (Mn=4500 to Mn=100,000) with narrow molecular weight distri-
butions (Mw/Mn=1.07–1.3) were synthesized [159]. Copolymers with various sty-
rene and (meth)acrylate derivatives, including acrylic acid and HEMA, were ob-
tained, with the content of isoprene varying from 10% to 90% in the comonomer
feed. Block copolymers were also produced, starting from either ptBA or pSt mac-
roinitiators; however, the alternate order of blocks (i.e., starting from a pIP mac-
roinitiator) was only achieved with St. Chain extension with tBA resulted in inef-
ficient initiation [159], as had been found for pSt-pnBA block copolymers [71].

3.1.1.4
Vinylpyridine

Jaeger et al. homopolymerized 4-VP using the TEMPO system; however, at high-
er monomer conversions, the experimental molecular weights deviated from
linearity, indicating that chain end functionality was lost [160]. The authors
used the p4VP as a macroinitiator for chain extension with St and, although the
resulting block copolymers showed an increase in molecular weight, there was
tailing to lower molecular weights confirming that chain end functionality was
indeed lost during the macroinitiator preparation. Subsequent quaternization of
the homopolymers of the 4VP with methyl iodide, betaine formation via bro-
moesterification and hydrolysis of the ester, or N-alkylation with 1,3-pro-
panesultone produced ionically charged water-soluble polymers, which was the
ultimate goal of the work (Scheme 14) [160].

1H NMR analysis indicated that 100% of the groups were transformed with
the first two methods; however, the degree of alkylation only reached 84% con-
version [160]. The authors continued to try to produce ionically charged poly-
mers by synthesizing block copolymers of CMSt and St, followed by reacting the
chloromethyl groups with trimethyl amine to produce cationic amphiphilic
block copolymers capable of micelle formation [161]. Although the block copol-
ymers had narrow molecular weight distributions, they showed evidence of un-
reacted macroinitiator in the GPC traces, similar to the results found by Boute-
vin et al. [142]. Nevertheless, the authors showed that as the length of the hydro-
phobic block (pSt) increases, the molecular weight of the micelles increases, as
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does the aggregation number, thereby providing a route to alter the micellar
properties [161].

3.1.1.5
N,N-Dimethylacrylamide

Li and Brittain reported on the TEMPO-mediated polymerization of another wa-
ter-soluble monomer, N,N-dimethylacrylamide (DMA) [162]. They found that a
ratio of TEMPO:AIBN of 1 and a temperature of 120 °C provided polymers with
the relatively modest molecular weight distributions (Mn=10,600, Mw/Mn=1.55).
Altering the polymerization conditions to try to obtain higher molecular weight
polymers was not successful. Chain extension of a pSt-TEMPO macroinitiator
with sufficient DMA to achieve a molecular weight of 20,000 for the second block
resulted in a limited conversion of DMA and little formation of a block copoly-
mer [162]. The polymerization was not “living” and these results are not unex-
pected (see below), due to the acrylate-like structure of the DMA [152].

Scheme 14. Methods to modify p4VP homopolymers to produce cationic polyelectrolytes
[160]
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3.1.1.6
Maleic Anhydride

Benoit et al. reported the preparation of alternating copolymers of St with MAh
using TMPAH, which was followed by a successful chain extension with St. Al-
though no absolute molecular weight data was given, the GPC trace of the alter-
nating-block copolymer showed little tailing to lower molecular weight. Further
characterization by DSC showed the Tg of the pSt block at 105 °C and the alter-
nating portion at 155 °C [104].

3.1.1.7
Methacrylates

Although early attempts were made to incorporate methacrylic-based mono-
mers into copolymers using TEMPO-mediated reactions [109, 163] the control-
led synthesis of homopolymers, or even block copolymers of methacrylate-
based monomers, has yet to be achieved using a nitroxide-mediated polymeri-
zation. Müllen et al. attempted to prepare a homopolymer of MMA using TEM-
PO; however, they found that the polymerization had limited monomer conver-
sion and very broad molecular weight distributions (Mw/Mn>1.80) [163]. When
chain extension of a pSt-TEMPO macroinitiator with MMA was attempted, no
increase in the molecular weight was observed. In the presence of camphorsul-
fonic acid the molecular weight increased; however, the molecular weight distri-
butions were bimodal. The authors attributed this to irreversible termination of
the pSt macroinitiators either during the original polymerization or from a pro-
ton abstraction once cross-propagation to MMA took place [163]. Lokaj et al. re-
ported on the synthesis of p(St)-p(N,N-(dimethylamino)ethyl methacrylate)
(DMAEMA) by TEMPO-mediated polymerization [164]. DMAEMA is a water
soluble monomer and produces amphiphilic block copolymers. However, they
found that the monomer conversion was limited and did not increase with in-
creased reaction times [164]. Work by Vairon et al. proved unequivocally that the
majority of the pnBMA chain ends were unsaturated resulting from b-hydrogen
abstraction by the TEMPO [165]. The authors suggested that homopolymeriza-
tion of methacrylates using the TEMPO system was not possible because the ra-
tio of the rate constant of decomposition of the chain end to the rate constant of
recombination prevented a controlled reaction [165]. Block copolymers were
possible, however, when pSt-TEMPO was used as the macroinitiator, but al-
though block copolymers formed, MALDI-TOF MS analysis indicated terminal
unsaturation, as in the homopolymerization [165]. The only way to overcome
this deficiency will be to alter the structure of the nitroxide to such an extent that
chain end functionality is maintained.

APS-159.fm  Seite 42  Dienstag, 25. Juni 2002  9:45 09



3 Linear Block Copolymers 43

3.1.1.8
Summary

Nitroxides have been used to prepare numerous block copolymers. Initially, us-
ing the TEMPO moiety, only styrene-based monomers could be incorporated
into copolymers, but with the use of new nitroxides like DEPN and BPPN, the list
has expanded to include acrylate-type monomers, as well as dienes, something
that previously could only be accomplished through ionic mechanisms. Unfor-
tunately, chain extension of either St or diene-based macroinitiator with an acry-

Table  4. Summary of block copolymers prepared using nitroxide-mediated polymerizations 
that contain one non-styryl-based block

Macroin. Block Nitroxide Comments Investigator

pnBA St OTEMPO Mw/Mn ≠ 1.14 to 1.26–1.53 Georges et al. [152]
pnBA tBA OTEMPO Tailing to indicate dead chains Georges et al. [152]
pSt MA TEMPO “Dead-end” polymerization 

due to excess free TEMPO
Zaremski et al. [153]

p4VP St TEMPO Tailing indicating dead chains; 
modification to ionically 
charged blocks

Jaeger et al. [160]

pCMSt St TEMPO Unreacted macroinitiator; 
produced micelles by reaction 
with trimethyl amine

Jaeger et al. [160]

pSt DMA TEMPO Limited conversion of DMA Li and Brittain [162]
pEBPBB St TEMPO Mw/Mn ≠ 1.47 to 2.61; LC 

phase transition observed
Barbosa and Gomes [154]

pSt BD TEMPO Mn ≠, Mw/Mn Ø Georges et al. [157]
pSt IP, then St TEMPO Mn ≠, Mw/Mn Ø with both addi-

tions, but traces unsymmetrical
Georges et al. [157]

pSt nBA TMPAH Must use pSt with low Mn, large 
ratio of pSt:nBA

Hawker et al. [71]

pnBA St TMPAH Successful, narrow Mw/Mn Hawker et al. [71]
ptBA IP TMPAH Composition from 20–90% IP 

in copolymers, Mw/Mn<1.25
Hawker et al. [159]

pSt IP TMPAH Composition from 20–90% IP 
in copolymers, Mw/Mn<1.25

Hawker et al. [159]

pIP St TMPAH Composition from 20–60% IP 
in copolymers, Mw/Mn<1.30

Hawker et al. [159]

pIP tBA TMPAH Inefficient initiation, unreacted 
pIP

Hawker et al. [159]

p(St-alt-
MAh)

St TMPAH Tg pSt=105°C; alternating 
portion Tg=155°C

Hawker et al. [104]

pSt MMA TEMPO No increase in Mn Müllen et al. [163]
pSt DMAEMA TEMPO Limited conversion of 

DMAEMA
Lokaj et al. [164]

pSt nBMA TEMPO Unsaturated chain ends Vairon et al. [165]
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late monomer results in low blocking efficiency, potentially limiting the useful-
ness of this technique for the preparation of certain types of materials, i.e., ther-
moplastic elastomers. Methacrylate-based monomers can only be incorporated
into the polymers via copolymerization; controlled homopolymerizations are
not possible, most likely due to the imbalance between the rate constants of re-
combination and decomposition of the chain end. Success in polymerizing the
methacrylate monomers may require further structural variations of the nitrox-
ides. Table 4 summarizes the results presented in above sections.

3.1.2
ATRP

In order to highlight the comparison between nitroxide-mediated controlled
radical polymerizations and ATRP reactions, the ATRP section begins with a
discussion of methacrylate-based block copolymers. This is followed by copoly-
mers of methacrylates with other monomers like acrylates, styrenes, and vinyl
pyridine. A section detailing different styrene/acrylate combinations follows.
Historically, these copolymers were the first literature example of well-defined
block copolymers prepared using any CRP technique [42], but this has not gar-
nered as much interest as the methacrylate-based block copolymers, as evi-
denced by the significantly smaller number of literature reports on these sys-
tems. Following this, block copolymers with hydrophilic and fluorinated seg-
ments are summarized. Together these sections demonstrate the adaptability of
using the ATRP process to achieve diverse goals.

3.1.2.1
Methacrylates

ATRP has never suffered from the drawbacks associated with the nitroxide sys-
tems for incorporating the methacrylate monomers into copolymers. Well-de-
fined methacrylate block copolymers have been successfully prepared using sev-
eral ATRP catalytic systems. Jerome et al. used the homogeneous bis (ortho-
chelated) Ni(II) system [166] while Sawamoto et al. used RuCl2(PPh3)3 in the
presence of Al(OiPr)3 [167], both for the synthesis of wholly methacrylate block
copolymers. The copolymers had predictable molecular weights and narrow
molecular weight distributions [166, 167]. Amphiphilic block copolymers con-
taining methacrylates have also been prepared [168, 169], in addition to copoly-
mers containing fluorinated blocks [170]. They were prepared using Cu-mediat-
ed ATRP with bpy or branched/linear amines as ligands [171–174]. Details can
be found in the corresponding sections of the review and the structures of the
corresponding catalysts are shown in Fig. 14.

There is one difficulty common to all the CRP systems, however, and that is
the adjustment of the reactivity of the end group vs that of the monomer. While
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not as extreme as in the case of ionic systems, blocking efficiency is still affected
by the rate of cross-propagation compared to the rate of polymerization of the
second monomer (i.e., the rate of propagation and the equilibrium constant).
This is particularly obvious when trying to polymerize methacrylate-based
monomers using either pSt or polyacrylate macroinitiators because cross-prop-
agation is slow compared to the rate of polymerization of methacrylate mono-
mers, resulting in a low initiation efficiency and ill-defined copolymers. This se-
quence dependency has been overcome in the ATRP realm through the develop-
ment of the halogen exchange technique [175].

3.1.2.2
Acrylates/Methacrylates

Matyjaszewski et al. introduced the concept of halogen exchange for the Cu-
based ATRP reactions to combat the crossover problem [175, 176]. This tech-
nique utilizes a mixed-halogen system, i.e., a bromo-containing initiator and a
Cu(I)Cl catalyst, to afford better control over initiation and polymerization of
methacrylates, which is particularly useful for preparing acrylate/methacrylate
block copolymers [91, 175]. The halogen exchange provides a method for ad-
justing the equilibrium when going from a less reactive macroinitiator (A) with
an apparently smaller equilibrium constant to initiate the polymerization of a
monomer that has a larger equilibrium constant (B in Fig. 15).

Neither the RAFT system nor the nitroxide system can be adjusted in this
manner. When difunctional pnBA was used to prepare ABA block copolymers
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Fig. 14. Metal catalysts based on Ni, Ru, and Cu used to mediate ATRP
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with MMA using the Ni system, Jerome et al. found that the mechanical proper-
ties of the resulting copolymers were poor compared to those of the copolymers
prepared by ionic methods, presumably due to the broad polydispersity of the
outer pMMA blocks (Scheme 15) [177]. Complete incorporation of the macroin-
itiator did not occur until >30% monomer conversion. The block copolymers
did, however, microphase separate into ordered structures [178]. Matyjaszewski
et al. explored the Cu-based ATRP system to prepare similar blocks. The weight
and number distributions of the attempted block copolymers without using the
halogen exchange are shown in Fig.16. The “small” tailing in GPC traces ob-
served in the RI signal, corresponds to~50% of remaining homopolymer of
pMA.

In comparison, block copolymers prepared using a copper catalyst and the
halogen exchange technique had predictable molecular weights and narrower
molecular weight distributions (cf. Fig. 17) [91]. There was no evidence of slow
initiation and the outer pMMA blocks were more uniform. When Moineau et al.
used this system, the mechanical properties were greatly improved relative to
the copolymers prepared with the Ni catalyst [179]. It has also been reported
that the proper choice of solvent also improves block copolymerization [180].

AB and ABA type acrylate/methacrylate block copolymers can also be pre-
pared by ATRP using a sequential addition of monomers technique, resulting in
a well-defined central block and an outer block composed of a mixture of the

Br

+ M

Cl + CuBr/ligand

A B

 + CuCl/ligand +  CuClBr/ligand

kp

Fig. 15. The equilibrium that occurs when the halogen exchange is applied in ATRP [175]

Scheme 15. Methodology for preparation of block copolymers of nBA and MMA using the
NiBr2 [PPh3]2 catalyst system
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Fig. 16. Weight (top) and number (bottom) distributions of a pMA macroinitiator and a pMA-
b-pMMA diblock copolymer as a function of MMA conversion when not using halogen ex-
change. pMA (8.3mmol/l, Mn=6,060, Mw/Mn=1.36), MMA (5.0M), CuCl (16.6mmol/l)
dNbpy (33.2mmol/l) in diphenylether at 90°C. After 4.5h (72% conversion), Mn=41,400 and
Mw/Mn=3.63. Reprinted with permission from [94]. Copyright (2000) John Wiley & Sons,
Inc.
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from [94]. Copyright (2000) John Wiley & Sons, Inc.
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two monomers, as shown by Sawamoto et al. [127] and Matyjaszewski et al. [94].
Sawamoto et al. used the NiBr2(Pn-Bu3)2 catalyst system to polymerize MMA to
>90% monomer conversion (Mn=12,000, Mw/Mn=1.21), then chain extended it
with both nBA (Mn=26,000, Mw/Mn=1.51) and MA (Mn=24,000, Mw/Mn=1.47)
[127]. The Mw/Mn were increased upon addition of the second block, suggesting
some loss of control over the polymerization.

In contrast, the copolymers prepared by Matyjaszewski et al., using halogen
exchange and composed of pnBA inner segments and p(MMA-co-nBA) outer
blocks, had well-defined molecular weights and narrow molecular weight distri-
butions (Mw/Mn=1.26) [94]. Similar improvement of block copolymerization ef-
ficiency and properties of the copolymers prepared utilizing the halogen ex-
change was reported by Jerome et al. [179].

Another approach is to add MMA to the growing pBA chains before complete
BA consumption to form gradient segments. The properties of these triblocks
were different from the “clean” ABA blocks, with lowered glass transition tem-
peratures for the mostly hard outer blocks as well as increased tensile strength
and elongation, as shown in Fig. 18 [94].

Tg

Tg

Tg

Fig. 18. Temperature dependencies of the real (G¢) and imaginary (G¢¢) component of the
shear modulus measured at the deformation frequency of 10rad/s for the pure and tapered tri-
block copolymers pMMA-b-pBA-b-pMMA and p(MMA-grad-BA)-b-pBA-b- p(MMA-grad-
BA) of approximately the same overall composition, MW and polydispersity; DSC traces are
shown to help localize the glass transition temperatures (Tg) of the microphases. Reprinted
with permission from [94]. Copyright (2000) John Wiley & Sons, Inc.
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The stress-strain curves recorded for the two triblock copolymer samples
during cold drawing of films with a constant rate of 1 mm/min are shown in
Fig. 19. The ABA-isolated sample was a clean triblock, with a pnBA central
block of Mn=65,200, two blocks of MMA with Mn=13,150, and an overall
Mw/Mn=1.34. The ABA-sequential copolymer contained a clean central block of
nBA of Mn=67,500, and two gradient end block copolymers containing
13 mol% nBA and 87 mol% MMA, with Mn=10,600, and an overall Mw/Mn=
1.24 [94]. The insert shows the small angle X-ray scattering intensities for these
samples and correspond to cylindrical morphology of pMMA hard segments.
Since both types of block copolymers had similar compositions and only varied
in the sequence distribution of the monomers, this type of structural control
provides yet another route to tailor make polymers with specific properties by
CRP methods.

Hybrid organic-inorganic acrylate/methacrylate block copolymers have also
been prepared using ATRP [181]. A pnBA bromine-terminated difunctional
macroinitiator was used for the ATRP of a methacrylate monomer containing a
polyhedral silsesquioxane pendant group (MA-POSS), leading to ABA diblock
copolymers containing an inorganic segment [182]. Pyun and Matyjaszewski

Fig. 19. The stress-strain curves recorded for the two triblock copolymer samples during cold
drawing of films with a constant rate of 1mm/min. ABA-isolated: clean pnBA central block
Mn=65,200; pMMA outer blocks, Mn=13,150, overall Mw/Mn=1.34. ABA-sequential: clean
pnBA central block, Mn=67,500; pMMA-grad-pnBA outer blocks: 13mol% nBA and 87mol%
MMA, Mn=10,600, overall Mw/Mn=1.24. Inset: small angle X-ray scattering intensities for
these samples. Reprinted with permission from [94]. Copyright (2000) John Wiley & Sons,
Inc.
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used the CuCl/N,N,N¢,N¢¢,N¢¢-pentamethyldiethylenetriamine (PMDETA) cata-
lyst system to invoke halogen exchange and form well-defined block copolymers
(Scheme 16). GPC analysis was used to confirm that the blocking efficiency was
high, and 1H NMR was used to determine the molar composition (85% pnBA,
15% p(MA-POSS)) and the molecular weight (Mn=36,070), which was signifi-
cantly higher and closer to the theoretical value of the Mn than that provided by
the GPC analysis (Mn, GPC=22,800, Mn, theo=41,510) [182, 183].

3.1.2.3
Methacrylates/Styrenes

Zou et al. reported on the sequential copolymerization of nBMA and St by ATRP
[184, 185]. nBMA was polymerized first using a 1-phenylethyl chloride initiator
and a CuCl/bpy catalyst. However, in contrast to Matyjaszewski’s [94] previously
discussed procedure, after significant conversion of the nBMA, the reaction
mixture was subjected to freeze/pump/thaw cycles to remove any unreacted
monomer before the addition of St, thereby producing “clean” blocks. This pro-
cedure can be likened to precipitating the macroinitiator prior to chain exten-
sion; however, since the catalyst remains in the mix, the polymerization contin-
ues once new monomer has been added. Monomer stripping prior to the forma-
tion of the second block should be readily adaptable to industrial scale equip-
ment. The formed block copolymers had molecular weights that ranged from
Mn=15,120 to 65,790, with Mw/Mn=1.41 to 1.54 [184]. With the exception of one
experiment, the molecular weight distribution broadened during the synthesis
of the second block, suggesting a decreased level of control compared to the
process employing purification of the macroinitiator. When the order of block

Scheme 16. Preparation of pnBA-b-p(MA-POSS) using ATRP [182]
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synthesis was reversed and pSt macroinitiators were used for nBMA polymeri-
zation, the results were similar. Again, the molecular weight distributions broad-
ened after chain extensions [184].

Ying et al. prepared block copolymers of both MMA and HEMA with St [186].
Chain extension of pSt-Br (Mn=6400, Mw/Mn=1.31) with MMA or HEMA using
the CuCl/bpy catalyst took place at 40 °C, producing block copolymers with Mn=
13,470 and 7400 and Mw/Mn=1.33 and 1.28, respectively [186]. When pMMA-Cl
(Mn=15,320, Mw/Mn=1.28) was chain extended with St, the macroinitiator was
consumed slowly at 110 °C, as evidenced by the presence of a low molecular
weight shoulder in the GPC traces that persisted until >40% monomer conver-
sion. Further monomer conversion resulted in a block copolymer with Mn=
43,850 with Mw/Mn=1.40 [186]. This large increase in the molecular weight dis-
tribution is most likely due to slower dynamics of exchange associated with the
Cl-based ATRP of St.

A pSt synthesized by ATRP using a CuBr/bpy catalyst was chain extended
with p-nitrophenyl methacrylate (NPMA), which was subsequently trans-
formed to its hydrolysis and amine containing derivatives by Pan et al. [187].
The homopolymerization of the NPMA using the CuBr/bpy catalyst at 110 °C
was poorly controlled with Mw/Mn increasing with conversion and a concurrent
change in the color of the reaction mixture from brown to green, indicating ox-
idation of the catalyst. The authors attributed this to coordination of the Cu(II)
species to the polymer chain, preventing deactivation of the growing radicals,
leading to irreversible termination. However, since Matyjaszewski et al. had
demonstrated that bromine-based initiators combined with CuBr catalysts lead
to poorly controlled ATRP of methacrylates [176], these results would not be un-
expected and may simply be due to the generation of too many radicals, rather
than interference from the polymer, particularly at this temperature under bulk
polymerization conditions. Chain extension of a pSt macroinitiator (Mn=
14,730, Mw/Mn=1.18) at various NPMA:initiator ratios with the CuBr/bpy cata-
lyst produced block copolymers with Mn=28,270–44,640 (as determined by
1H NMR after conversion of the pNPMA to p(N-butyl acrylamide)) and
Mw/Mn=1.26–1.36 after 24 h at 90 °C [187]. The reaction was first-order in mon-
omer and there was a linear increase of molecular weight with conversion. The
GPC traces were symmetrical. Contrary to the results seen for the homopolym-
erization, the color of the reaction mixture remained brown throughout the po-
lymerization of the monomers for the preparation of the second block, presum-
ably indicating that the majority of the catalyst remained active. The authors
concluded that propagation must occur in pSt proximity, since NPMA is a poor
solvent for pSt. Interaction between the NPMA block and the Cu(II) species is
prevented. However, the concentration of initiating sites was approximately ten
times lower in this system than for the homopolymerization, which would also
decrease the amount of termination and potentially create a more controlled po-
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lymerization. Selective solvation of these block copolymers in DMSO and CHCl3
resulted in micelle formation [187].

Schubert et al. reported on the synthesis of block copolymers of pSt with
MMA using a slightly different catalyst system. In the presence of Al (OiPr)3,
tris(4,4¢-dimethyl-2,2¢-bipyridine) copper(II) hexafluorophosphate can catalyze
the polymerization of St, MMA, and ethyl acrylate when 1-phenylethyl bromide
is used as the initiator (Fig. 20) [188]. The exact role the Lewis acid plays is still
unknown, but since the Ru-based ATRP systems [43] also require the presence
of a Lewis acid to be active it is assumed that in both systems the Lewis acid re-
duces the metal catalyst to its active low oxidation state analog. pSt-Br prepared
using this Cu(II) catalyst was chain extended with MMA, resulting in a block co-
polymer; however, the GPC trace had a large low molecular weight shoulder,
even after 27 h of polymerization, indicating a significant proportion of unreact-
ed macroinitiator [188].

ATRP can be approached from both sides of the equilibrium, that is, begin-
ning from an alkyl halide and a low oxidation state metal, or from a radical and
the higher oxidation state metal; this latter approach is termed reverse ATRP
(rATRP) [81, 189, 190]. Qiu et al. used this technique to prepare block copoly-
mers, also of MMA and St [191]. They used a hexasubstituted ethane thermal in-
iferter, diethyl 2,3-dicyano-2,3-di(p-tolyl)succinate, which decomposes reversi-
bly to form two radicals when heated. The new radical is either deactivated by
the CuCl2/bpy complex or adds MMA monomer, followed by deactivation, both
of which will produce the dormant species in the ATRP equilibrium. The rATRP

NN

N

N

N

N

Cu

2+

PF6
–

2

Fig. 20. Tris (4,4¢-dimethyl-2,2¢-bipyridine) copper(II) hexafluorophosphate [188]
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Table 5. Summary of methacrylate containing block copolymers prepared using ATRP meth-
ods

Macroin. Block Catalyst Comments Investigator

pBMA-Br MMA Ni(NCN¢)Br Mn=23,200, Mw/Mn=1.15 Jerome et al. [166]
pMMA-Cl BMA RuCl2(PPh3)3/

Al(OiPr)3

Mw/Mn Ø 1.26 to 1.20 Sawamoto et al. [167]

pMMA-Cl MA NiBr2(Pn-
Bu3)2/Al(OiPr)3

Mn=24,000, Mw/Mn=1.47 Sawamoto et al. [127]

pMMA-Cl BA NiBr2(Pn-
Bu3)2/Al(OiPr)3

Mn=26,000, Mw/Mn=1.51 Sawamoto et al. [127]

Br-pnBA-Br MMA NiBr2(PPh3)2/
Al(OiPr)3

Mn=90,000–156,000, 
Mw/Mn=1.17–1.30, slow 
initiation 

Jerome et al. [177]

Br-pnBA-Br MMA CuCl/dNbpy Mn=37,200, Mw/Mn=1.20, 
high blocking eff.

Matyjaszewski et al. 
[91]

pMMA-Cl nBA CuBr/dNbpy Mn=19,000, Mw/Mn=1.15 Matyjaszewski et al. 
[91]

pMA-Cl MMA CuCl/dNbpy Mn=41,400, Mw/Mn=3.63, 
ineff. initiation

Matyjaszewski et al. 
[91]

pMA-Br MMA CuCl/dNbpy Mn=63,900, Mw/Mn=1.15, 
high blocking eff.

Matyjaszewski et al. 
[91]

Br-pnBA-Br MA-POSS CuCl/PMDETA 85% p(nBA), 15% MA-
POSS, high blocking eff.

Pyun and Matyjaszews-
ki [182]

pnBA-Bra MMA CuCl/HMTETAb Outer block had lowered 
Tg than clean block, better 
mechanical prop. 

Matyjaszewski et al. 
[94]

pBMA-Cl St CuCl/bpy Mn=15,120–65,790, 
Mw/Mn=1.41–1.54

Zou et al. [184, 185]

pSt-Br MMA CuCl/bpy Mn=13,470, Mw/Mn=1.33 Ying et al. [186]
pSt-Br HEMA CuCl/bpy Mn=7400, Mw/Mn=1.28 Ying et al. [186]
pMMA-Cl St CuCl/bpy Mn=43,850, Mw/

Mn=1.40, slow consump-
tion of macroinitiator

Ying et al. [186]

pSt-Br NPMA CuBr/bpy Mn=28,270–44,640, 
Mw/Mn=1.26–1.36

Pan et al. [187]

pSt-Br MMA Cu(PF6)2/
dMbpyc

Unreacted macroinitiator Schubert et al. [188]

pMMA-Cl St CuCl/bpy Macroinitiator prepared 
with CuCl2/bpy and 
iniferter

Qiu et al. [191]

Sequential monomer addition without isolation of macroinitiator
bN,N,N¢,N¢¢,N¢¢¢,N¢¢¢-Hexamethyltriethylenetetraamine
c4,4¢-Dimethyl-2,2¢-bipyridine
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of MMA was controlled producing polymers with predictable molecular weights
and narrow molecular weight distributions (final Mw/Mn=1.26). A pMMA-Cl
macroinitiator (Mn=16,800, Mw/Mn=1.30) was used for the preparation of a
block copolymer with St, forming a copolymer with Mn=113,800 and an
Mw/Mn=1.59 [191]. The broadening of the molecular weight distribution, al-
though not addressed by the authors, is most likely due to the slower dynamics
of exchange for St with a chlorine-based ATRP system, but it can also be the re-
sult of an increased contribution from termination and/or transfer at the higher
molecular weights.

As detailed above, various methacrylate monomers have been incorporated
into block copolymers using ATRP. This method is useful for preparing wholly
methacrylate block copolymers, as well as various acrylate/methacrylate and
styrene/methacrylate combinations. However, halogen exchange should be uti-
lized when a less reactive polyacrylate or pSt macroinitiator is used for the prep-
aration of block copolymers with methacrylates to enhance the rate of cross-
propagation. This will ensure complete consumption of the macroinitiator and
well-defined methacrylate blocks. Table 5 contains a summary of methacrylate
containing block copolymers prepared using ATRP methods. Block copolymers
with hydrophilic methacrylate segments are treated separately later (cf.
Sect. 3.1.2.5).

3.1.2.4
Acrylates/Styrenes

The ATRP system is not limited to just methacrylate containing block copoly-
mers, as Wang and Matyjaszewski showed in the first example of the preparation
of a block copolymer using ATRP (and in fact any CRP method) in 1995. A pMA
macroinitiator was chain extended with St using the Cu(I)Cl/bpy system [42].
The copolymer with the opposite sequence of blocks was also successfully pre-
pared [114]. Since then, there have been several reports in the literature describ-
ing the preparation of different St/acrylate block copolymer combinations using
ATRP. Vairon et al. prepared block copolymers of St with nBA using conditions
similar to those first reported by Wang and Matyjaszewski [120]. However, be-
cause the CuCl/bpy catalyst is heterogeneous in the non-polar reaction media,
they utilized a small amount of dimethylformamide (DMF) to homogenize the
system. Using 1-phenylethyl chloride (PECl) as the initiator and a reaction tem-
perature of 130 °C, both pSt and pnBA macroinitiators were prepared. Chain ex-
tension of the pSt macroinitiator with nBA was controlled, with a constant
number of propagating species during the polymerization and a linear increase
in molecular weight with conversion. The alternate order of synthesizing the
blocks is also possible; however, the authors indicated that conversion in the first
hour of the reaction was negligible, suggesting that initiation from the chloro-
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terminated pnBA was slow. Subsequent chain extension of the pSt-b-pnBA block
copolymer with more St resulted in a significant increase in the molecular
weight distribution (Mw/Mn=1.56 to 1.71) and lower than predicted molecular
weights (Mn, exp=104,300, Mn, calc=124,000) [120].

Matyjaszewski et al. showed, however, that when a Cu(I)Br catalyst was used
in conjunction with bromine-based initiators for a similar system (St/tBA), the
polymerizations were well controlled and chain extension in either direction
was possible [194]. This is different from the nitroxide system where chain ex-
tension of a pSt macroinitiator with acrylate monomers resulted in low blocking
efficiency [71]. AB and ABA type block copolymers were prepared using mono-
functional and difunctional ptBA or pSt macroinitiators. Deprotection of the
tert-butyl esters in these AB block copolymers afforded amphiphilic block co-
polymers capable of being used as surfactants for emulsion polymerizations
[194, 195].

Polystyrene block was extended from pBA macroinitiator (Mn=10,200,
Mw/Mn=1.22) in emulsion using Tween20 as surfactant, resulting in well-defined
block copolymer (Mn=42,700, Mw/Mn=1.15) [121, 192, 193].

ABC triblock copolymers, where A, B, and C represent different monomers,
have also been prepared using ATRP. Davis and Matyjaszewski chain extended a
ptBA-b-pSt with MA, as shown in Scheme 17, confirming that the chain end
functionality was high and producing an ABC triblock copolymer with an Mn=
24,800 and an Mw/Mn=1.10 [196, 197].

Other ABC triblock copolymers were prepared using mono-, di-, and trifunc-
tional initiators to produce ABC, ABCBA, and [ABC]3 linear and 3-arm star
block copolymers. For example, a difunctional pSt macroinitiator (Mn=1100,
Mw/Mn=1.17) was chain extended with tBA (Mn=11,200, Mw/Mn=1.16) which
was subsequently chain extended with MA (Mn=27,250, Mw/Mn=1.14), as shown
in Fig. 21.

A similar ptBA-pSt-ptBA macroinitiator (Mn=13,640, Mw/Mn=1.23) was
chain extended with MMA, utilizing the halogen exchange technique, to pro-
duce a linear ABCBA triblock copolymer (Mn=48,470, Mw/Mn=1.21, Fig. 22)
[197].

Scheme 17. Methodology for the preparation of p(St-b-tBA-b-MA) using Cu-based ATRP
catalysts [196]
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Fig. 21. GPC traces of difunctional pSt (dotted line), ptBA-b-pSt-b-ptBA (dashed line), and
pMA-b-ptBA-b-pSt-b-ptBA-b-pMA (solid line). Reprinted with permission from [197].
Copyright (2001) American Chemical Society.
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Fig. 22. GPC traces of difunctional pSt (dotted line), ptBA-b-pSt-b-ptBA (dashed line), and
pMMA-b-ptBA-b-pSt-b-ptBA-b-pMMA (solid line). Reprinted with permission from [197].
Copyright (2001) American Chemical Society.
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Fig. 23. GPC traces of trifunctional CH3C- [pSt-Br] 3 (dotted line), CH3C- [pSt-b-ptBA-Br]3
(dashed line), and CH3C-[pSt)-b-ptBA-b-pMMA-Br]3 (solid line) in THF using a 1:1 molar
equivalent of catalyst relative to initiator, B) GPC traces of trifunctional CH3C-[pSt-Br]3 (dot-
ted line), CH3C-[pSt-b-ptBA-Br]3 (dashed line), and CH3C-[pSt-b-ptBA-b-pMMA-Br]3
(solid line) in THF using a 1:1 molar equivalent of catalyst relative to end groups. Reprinted
with permission from [197]. Copyright (2001) American Chemical Society.
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However, one caveat to the halogen exchange is that the ratio of end groups to
the catalyst may need adjustment to obtain the best results. Figure 23 illustrates
a chain extension using a 1:1 ratio of catalyst to initiator (A) and a 1:1 ratio of
catalyst to halogen end groups (B). The former contained a threefold excess of
chain ends relative to the concentration of catalyst and resulted in unsymmetri-
cal chain growth. By ensuring an equimolar ratio between the chain ends and
the available catalyst for exchange, growth became symmetrical and the molec-
ular weight distribution narrowed significantly (Mw/Mn=1.25 vs 1.55) [197].
More star-like structures are described in detail in a later section.

3.1.2.5
Hydrophilic Monomers

Water soluble (meth)acrylate monomers have been incorporated into block co-
polymers using ATRP. Zhang and Matyjaszewski reported on the synthesis of
block copolymers with DMAEMA [168]. Both mono- and difunctional halogen-
terminated pMMA prepared by ATRP were used as macroinitiators for the reac-
tion, resulting in a controlled chain extension displaying increasing molecular
weights with increasing monomer conversion and narrow molecular weight dis-
tributions (Mw/Mn=1.14). Using the halogen exchange technique [175], bro-
mine-terminated pMA macroinitiators were successfully used for the ATRP of
DMAEMA in the presence of a Cu(I)Cl catalyst. Chain extension from pSt mac-
roinitiators resulted in slow initiation and broad molecular weight distributions
(Mw/Mn=1.83) [168].

Matyjaszewski et al. also prepared block copolymers of MMA with HEMA, di-
rectly producing amphiphilic block copolymers [169]. A chloro-terminated
pMMA macroinitiator (Mn=3400, Mw/Mn=1.12) was chain extended with HE-
MA, using a 30/70 1-propanol/methyl ethyl ketone mixture as a solvent, to yield
a block copolymer with Mn=32,900 with Mw/Mn=1.17, as determined by GPC
analysis (Fig.24). The synthesis of the block copolymer confirmed that the mo-
lecular weights obtained from GPC for HEMA-containing polymers were over-
estimates, however, since those obtained from 1H NMR analysis agreed better
with the theoretical values of the molecular weights calculated from the mono-
mer conversion (Mn, NMR=15,000, Mn, theo=13,200). The GPC analysis did con-
firm that the chain extension was clean and blocking efficiency was high for this
system [169].

Ying et al. also synthesized block copolymers of MMA and HEMA using
ATRP methodologies [186]. The polymerizations also invoked the halogen ex-
change [175] by using an ethyl 2-bromopropionate/CuCl/bpy catalyst system
and acetonitrile as a polymerization medium. The authors found that the po-
lymerization of MMA could be controlled at 40 °C, while for the ATRP of HEMA,
the temperature could be lowered to 20 °C. Chain extension of a lower molecular
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weight pMMA-Cl (Mn=6350, Mw/Mn=1.27) with HEMA resulted in a block co-
polymer with Mn=26,360 and Mw/Mn=1.54 [186]. The significant increase in the
molecular weight distribution was not addressed by the authors nor were GPC
traces provided to demonstrate the blocking efficiency.

Block copolymers containing VP have also been prepared by ATRP. Matyjas-
zewski et al. demonstrated that when the CuCl/tris[2-(dimethylamino)ethyl]
amine (Me6TREN) catalyst was used in conjunction with a chlorine-based initi-
ator and 2-propanol as the solvent, p4VP with Mn=15,550 and Mw/Mn=1.17
could be prepared [198]. Subsequently, a pMMA-Cl macroinitiator (Mn=7700,
Mw/Mn=1.07) was chain extended with VP using the CuCl/Me6TREN system to
yield a block copolymers with Mn=89,500 and an Mw/Mn=1.35, as shown in
Fig.25. There was a clean shift in the macroinitiator peak to higher molecular
weights with increasing monomer conversion, indicating little end-group loss
during chain extension [198]. This is in contrast to the results of the p4VP-con-
taining block copolymers prepared using the TEMPO-mediated polymerization
[160] 1H NMR analysis provided Mn=62,500, in better agreement with the calcu-
lated value of Mn=63,800 based on the monomer conversion.

Matyjaszewski et al. prepared macroinitiators of nBA and trimethylsilyl-pro-
tected HEA (HEA-TMS) by ATRP using the CuBr/PMDETA catalyst system. Each
of these macroinitiators was subsequently chain extended with the alternate
monomer to form block copolymers using the same catalyst system [199]. AB
and ABA triblock copolymers were synthesized. The sequential addition of
monomers technique was used for the preparation of AB block copolymers
starting with the pnBA macroinitiators, producing a small gradient of composi-

1000.0 10000.0 10000.00

N
o

rm
a

liz
e

d
 R

I

R
e

s
p

o
n

s
e

Molecular Weight

Fig. 24. GPC traces for a pMMA-Cl macroinitiator (dotted line) and pMMA-b-pHEMA (solid
line). Reprinted with permission from [169]. Copyright (1999) American Chemical Society.
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tion in the second block. Upon deprotection under acidic conditions, the copol-
ymers were amphiphilic, and, in the case of the ABA block copolymers, the hy-
drophilic portion was either the central block or on the exterior. The composi-
tion and order of block affinity to water affected the behavior in solution [199].

In addition to attempting to use TEMPO for the polymerization of DMA, Li
and Brittain tried to use ATRP to polymerize DMA, but were unsuccessful [162].
Teodorescu and Matyjaszewski, however, later reported on the ATRP of
(meth)acrylamides using a different catalyst system [200]. They concluded that
the problem with using “traditional” ATRP catalysts based on complexes with
bpy or linear amine-based ligands was that the rate of activation was slow and
the rate of deactivation was fast, limiting the conversion of the monomer. Using
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (Me4cyclam) as the lig-
and, in conjunction with CuBr as the copper(I) species, they prepared a catalyst
system which creates a “poor” deactivator. Polymers of DMA as well as N-tert-
butylacrylamide and N-(2-hydroxypropyl)-methacrylamide (HPMA) were syn-
thesized, as illustrated in Fig.26, although the polymerizations had limiting
monomer conversions, uncontrolled molecular weights (Mn, SEC=34,000) and
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Fig. 25. GPC chromatograms of a pMMA macroinitiator and a pMMA-b-p4VP copolymer.
Reaction conditions: 40°C; [4VP]0=4.62M; [4VP]0/[pMMA-Cl]0=710; [pMMA-Cll]0/[Cu-
Cl]0/[Me6TREN]0=1/2/2. Reprinted with permission from [198]. Copyright (1999) Ameri-
can Chemical Society.
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relatively broad molecular weight distributions (Mw/Mn=1.69) [200]. The addi-
tion of Cu(II)Br2, which shifts the equilibrium toward the dormant species, de-
creased the rate as well as the molecular weight distribution, increasing the con-
trol over the polymerization slightly. Block copolymers were prepared with well-
defined pMA and pnBA macroinitiators, and although cross-propagation was
efficient, the second block remained less well-defined [200].

Sawamoto et al. also attempted ATRP of DMA using the Ru-based catalyst sys-
tem [201]. Although no block copolymers were reported, chain extension of the
pDMA with a fresh feed of monomer resulted in an increase of the molecular
weight and a decrease in the molecular weight distribution at 60 °C. However,
the GPC traces were bimodal at the early stages of the polymerization, suggest-
ing a high molecular weight portion of dead chains due to termination via cou-
pling [201]. Nevertheless, high monomer conversions were achieved, suggesting
that this catalyst system is useful for the preparation of pDMA.

Fukuda et al. used both a nitroxide-mediated polymerization as well as ATRP
to polymerize a sugar containing methacrylate monomer and produce water-
soluble glycopolymers; however, only ATRP was used to prepare block copoly-
mers [202, 203]. The ATRP of 3-O-methacryloyl-1,2:5,6-di-O-isopropylidene-D-
glucofuranose (MAIpGlc, Fig.27) was carried out to determine the characteris-
tics of the homopolymerization. It was found that the relationship between the
concentration of initiator and the rate of polymerization was not a simple first-
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Fig. 26. Molecular weight distributions of a pMA macroinitiator and a pMA-b-pDMAA block
copolymer. Exp. cond.: DMAA:pMA:CuBr:CuBr2:Me4Cyclam=238:1:1:0.1:1.1; solvent:
methanol:ethyl acetate=1:1 (v/v); T=50°C; time=5h. Reprinted with permission from [200].
Copyright (1999) American Chemical Society.
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order one, but that the molecular weights increased linearly with conversion and
were predictable based on the initial degree of polymerization determined by
the ratio of monomer to initiator. The resulting polymers had narrow molecular
weight distributions (Mw/Mn<1.3). Formation of block copolymers using a bro-
mine-terminated pSt macroinitiator was deemed successful, with an overall
Mn=14,400, but the molecular weight distribution increased from Mw/Mn=1.09
to 1.34, with a significant low molecular weight tail overlapping with the mac-
roinitiator [203]. The block copolymer was deprotected to yield an amphiphilic
block copolymer and morphological characterization clearly showed pSt do-
mains imbedded in a p(3-O-methacryloyl-1,2:5,6-D-glucofuranose) matrix
[203]. Similar work was carried out by Haddleton et al., who used other natural
products for initiation and side chain functionalities [204, 205].

Recent results from Armes et al. have shown that ATRP can also be used to po-
lymerize water soluble monomers [206] at ambient temperatures, as opposed to

Fig. 27. 3-O-Methacryloyl-1,2:5,6-di-O-isopropylidene-d-glucofuranose (MAIGlc) [203]

Scheme 18. Synthesis of pOEGMA-b-pNaVB copolymers using ATRP in aqueous media at
ambient temperature [206]
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the 120 °C needed for the TEMPO system [150]. Armes et al. polymerized oli-
go(ethylene oxide) methacrylate (OEGMA) using a 2-bromoisobutyrate initia-
tor (modified with a short oligo(ethylene oxide) chain to impart water solubili-
ty) in the presence of CuBr/bpy as the catalyst at 20 °C. Chain extension of this
polymer with sodium 4-vinyl benzoate (NaVB) led to the formation of block co-
polymers with an Mw/Mn=1.27 and contained 57 mol% pOEGMA (Scheme 18)
[206]. Further study of the protonated block copolymers indicated that the sty-
renic block becomes hydrophobic, producing a micellar core which is surround-
ed by a hydrophilic pOEGMA corona.

3.1.2.6
Fluorinated Monomers

Ying et al. used bromine-terminated pMA, pnBA, and pSt mono- and difunc-
tional macroinitiators, synthesized by ATRP, for chain extension with 2- [(per-
fluorononenyl)oxy] ethyl methacrylate (FNEMA) and ethylene glycol mono-
methacrylate mono-perfluorooctanoate (EGMAFO, Fig. 28) [207]. Chain exten-
sion with FNEMA using the CuBr/bpy catalyst system proceeded in a controlled
fashion from all the macroinitiators with final Mn=12,400 to 28,660 and
Mw/Mn<1.5. While the GPC underestimates the contribution of the pFNEMA
block, the composition determined by 1H NMR agrees with the expected values
based on the amount of consumed monomer. In contrast, while the blocking ef-
ficiency was high from the acrylate-based macroinitiators when chain extended
with the EGMAFO, initiation was incomplete from the pSt macroinitiators and
a high molecular weight shoulder indicated coupling of chains occurred [207].
The Mw/Mn>2.0 for all chain extensions with the exception of the difunctional
pMA macroinitiator, where the Mw/Mn=1.70. The composition of this block co-
polymer (75:25 MA:EGMAFO) agreed well with theoretical values. No attempts
were made to alter the polymerization conditions to obtain more well-defined
polymers. In the case of the acrylate-based macroinitiators, use of halogen ex-
change [175] may have allowed for better control, particularly in the second sys-

O

C9F17O(H2C)2

O

C7F19OCO(H2C)2

FNEMA EGMAFO

Fig. 28. Structures of 2- [(per-fluorononenyl)oxy] ethyl methacrylate (FNEMA)and ethylene
glycol mono-methacrylate mono-perfluorooctanoate (EGMAFO) [207]
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tem. In the pSt/EGMAFO, homogenization of the catalyst system would proba-
bly decrease the amount of termination in the system.

Supercritical CO2 (scCO2) has also been used as a polymerization medium for
the preparation of block copolymers via ATRP [170]. In another example of po-
lymerizing fluorinated monomers, Matyjaszewski et al. used a fluoroalkyl bpy
ligand, 4,4¢-di(tridecafluoro-1,1, 2,2, 3,3-hexahydrononyl)-2,2¢-bipyridine
(dRf6bpy), in the presence of CuCl to form a homogeneous catalyst in scCO2. The
homopolymerizations of 1,1-dihydroperfluorooctyl acrylate (FOA) and 1,1-di-
hydroperfluorooctyl methacrylate (FOMA) were carried out first, followed by
the chain extension of the pFOMA with MMA and DMAEMA (Scheme19). Al-
though the block copolymers could not be characterized using GPC methods,
both 1H NMR characterization and DSC measurements indicated the presence
of the second monomer. Further evidence for block formation came from solu-
bility studies where the behavior of the block copolymers was changed from that
of the homopolymers of the CO2-philic monomers [170].

3.1.2.7
Block Copolymers in Dispersed Media

ATRP can also be carried out in water under homogeneous [208] or under bi-
phasic conditions [209–211]. Block and statistical copolymers have also been
prepared in water-borne systems. Matyjaszewski et al. demonstrated that a co-
polymerization of MMA with either BA or nBMA proceeded in a controlled
fashion, resulting in copolymers with Mn=26,850 (Mw/Mn=1.22) or Mn=33,550
(Mw/Mn=1.25), respectively [121]. A pnBA macroinitiator prepared in a bulk

Scheme 19. Synthesis of pFOMA-b-pMMA and pFOMA-b-pDMAEMA via ATRP in super-
critical CO2 [170]
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ATRP polymerization (Mn=5750) was chain extended with St to yield a block co-
polymer with Mn=21,400 and an Mw/Mn=1.15, after 24 h and 78% monomer
conversion, as shown in Fig. 29 [121]. Although the authors showed that both
statistical and block copolymers could be prepared in the water-borne system,
the latex stability was often low and phase separation was observed. Success in
these polymerizations depends strongly on the nature of the additives present
(i.e., surfactant, macroinitiator, etc.) [121, 212].

Using a fluoro-substituted linear triamine-based ligand that created a soluble
catalyst in perfluoromethyl cyclohexane, Haddleton et al. demonstrated that at
90 °C the fluorous and organic MMA/toluene phases were miscible, which al-
lowed the ATRP of MMA to occur with control [213]. Upon cooling, the phases
separated, with the catalyst remaining in the fluorous phase and the polymer in
the organic phase, providing a route to pure polymer without the need for fur-
ther purification. The polymerization of benzyl methacrylate (BzMA) initiated
by isolated pMMA was successful, producing a block copolymer with Mn=
28,900 and Mw/Mn=1.48 [213].

The success of the above polymerizations demonstrates that ATRP can be uti-
lized to prepare a wide variety of block copolymers, ranging from those that are
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Fig. 29. Molecular weight distribution development as a function of time and monomer con-
version for the water-borne chain extension of pBA by styrene with Brij98, CuBr/dAbpy, and
hexadecane. Time (h)/% Conversion/Mn/Mw/Mn data: 0/0/6200/1.18, 2/25/9500/1.19,
17/70/19100/1.14, 24/78/21400/1.15. (Mn and Mw/Mn data calculated not including surfactant
peak). Reprinted with permission from [121]. Copyright (2000) American Chemical Society.
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wholly organic soluble to those that are totally water soluble, along with am-
phiphiles that fall in between. Sugar and hydroxyethyl-based monomers can be
incorporated to impart biocompatibility to the polymers, producing polymers
that may be useful for biomedical applications. The diversity of the ligands avail-
able provides a route to tailor the polymerization catalyst to fit specific criteria,
as was demonstrated by the use of fluorous ligands to create homogenous cata-
lysts in biphasic systems. Table 6 contains a summary of block copolymers dis-
cussed in the above sections.

Table 6. Summary of styrene/acrylate, amphiphilic, and novel block copolymers prepared us-
ing ATRP methods

Macroin. Block Catalyst Comments Investigator

PSt-Cl MA CuCl/bpy First ATRP block copoly-
mer

Matyjaszewski et al. 
[81, 114]

pSt-Cl nBA CuCl/bpy DMF as solvent, control-
led chain extension

Vairon et al. [120]

pnBA-Cl St CuCl/bpy DMF as solvent, slow 
initiation

Vairon et al. [120]

pSt-Br tBA CuBr/PMDETA Mn=3725–18,300, 
Mw/Mn=1.14–1.44

Matyjaszewski et al. 
[194]

ptBA-Br St CuBr/PMDETA Mn=18,520, Mw/
Mn=1.15

Davis and Matyjas-
zewski [196]

Br-pSt-Br tBA CuBr/PMDETA Mn, macro<2000, Mn, 
block>7000, Mw/Mn<1.5

Matyjaszewski et al. 
[194]

Br-ptBA-Br St CuBr/PMDETA Mn=7300–21,720 Matyjaszewski et al. 
[194]

Mw/Mn=1.14–1.27
ptBA-b-pSt-Br MA CuBr/PMDETA Mn=24,790, Mw/

Mn=1.10
Davis and Matyjas-
zewski [196]

pMMA-Cl DMAEMA CuCl/HMTETA Mw/Mn<1.20, ratio of 
DMAEMA:MMA=0.57 to 
2.48

Zhang and Matyjas-
zewski [168]

Cl-pMMA-Cl DMAEMA CuCl/HMTETA Mw/Mn<1.25, ratio of 
DMAEMA:MMA=0.62 
to 1.6

Zhang and Matyjas-
zewski [168]

pMA-Br DMAEMA CuCl/HMTETA Mw/Mn=1.15, ratio of 
DMAEMA:MMA=0.8

Zhang and Matyjas-
zewski [168]

pSt-Br DMAEMA CuCl/HMTETA Slow initiation Zhang and Matyjas-
zewski [168]

pMMA-Cl HEMA CuCl/bpy Mn=32,900, Mw/
Mn=1.17

Matyjaszewski et al. 
[169]

pMMA-Cl HEMA CuCl/bpy Mn=26,360, Mw/
Mn=1.54

Ying et al. [186]

pMMA-Cl VP CuCl/Me6TREN Mn=89,500, Mw/
Mn=1.35, clean chain 
extension

Matyjaszewski et al. 
[198]
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3.1.3
Degenerative Transfer Processes

Several different types of block copolymers have been synthesized using RAFT
methodologies. A difunctional ABA block copolymer of pnBMA and pMMA
with Mn=112,200 and Mw/Mn=1.14 was prepared using a dithiobenzoate-based
transfer agent [53]. Moad et al. [53] and Mayadunne et al. [54, 85] showed the
versatility of RAFT by combining MMA or nBMA with St, MA with ethyl acrylate
[53], and St with nBA, for block copolymers in an ABA fashion using a new
transfer agent based on a trithiocarbonate structure (Fig.30) [85]. They illustrat-

Table 6. contents

Macroin. Block Catalyst Comments Investigator

pnBA-Br HEA-TMS CuBr/PMDETA AB and ABA blocks, % 
HEA=27% to 71%

Matyjaszewski et al. 
[199]

pHEA-TMS nBA CuBr/PMDETA AB and ABA blocks, 
Mn=12,500–31,900, 
Mw/Mn=1.20–1.8

Matyjaszewski et al. 
[199]

pMA-Br DMA CuBr/Me4cyclam Mn=48,600, Mw/
Mn=1.33, ill-defined 
DMA

Teodorescu and 
Matyjaszewski [200]

pnBA-Br HPMA CuBr/Me4cyclam Mn=18,000, Mw/
Mn=1.69, ill-defined 
HPMA

Teodorescu and 
Matyjaszewski [200]

pSt-Br MAIpGlc CuBr/bpy Mn=14,400, Mw/Mn=
1.34, amphiphilic upon 
deprotection

Fukuda et al. [203]

pOEGMA NaVB CuBr/bpy Aqueous polymerization 
Mw/Mn=1.27, 57mol % 
OEGMA

Armes et al. [150]

pFOMA MMA CuCl/dRf6bpy Poly. in scCO2, 
61% p(MMA)

Matyjaszewski et al. 
[170]

pFOMA DMAEMA CuCl/dRf6bpy Poly. in scCO2, 
31% p(MMA)

Matyjaszewski et al. 
[170]

pMMA BzMA CuBr/fluoro 
triamine

Fluorous biphasic system, 
Mn=28,900, Mw/
Mn=1.48

Haddleton et al. 
[213]

EBriBa MMA/BA CuBr/dAbpyb Mn=26,850, Mw/
Mn=1.22, water-borne

Matyjaszewski et al. 
[121]

EBriB MMA/nBM
A

CuBr/dAbpyb Mn=33,550, Mw/
Mn=1.25, water-borne

Matyjaszewski et al. 
[121]

p(nBA)-Br St CuBr/dAbpyb Mn=21,400, Mw/
Mn=1.15, water-borne, 
clean chain extension

Matyjaszewski et al. 
[121]

aEthyl 2-bromoisobutyrate
b4,4¢-Di(5-alkyl)-2,2¢-bipyridine
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3 Linear Block Copolymers 69

ed its use by making a pSt-pnBA-pSt ABA triblock copolymer with Mn=161,500
and Mw/Mn=1.16. The GPC traces indicated clean chain extension with little low
molecular weight tailing that would indicate unreacted macroinitiator [85]. One
aspect of the RAFT systems that differs from nitroxide and ATRP systems is that
block copolymers prepared using this RAFT agent will grow from the inside out,
rather than by chain extension of the center block, as is typical for other CRP
methods. Block order is also important in these systems. Since the transfer con-
stant for methacrylate monomers is lower than for either the acrylate or styrene
monomers, inefficient blocking may occur if the methacrylate monomer is the
second block polymerized [53]. This is similar to what occurs in the ATRP sys-
tems; however, the option of halogen exchange is not available to overcome it.

First block copolymers by degenerative transfer technique were prepared by
using alkyl iodides/AIBN in polymerization of BA and St. For example, at 70 °C
pSt with Mn=2500 and Mw/Mn=1.45 was extended to pSt-b-pBA with Mn=8630
and Mw/Mn=2.20. Although polydispersities were relatively high, a clean shift of
the entire MW distribution was observed. In a similar way pBA with Mn=2820
and Mw/Mn=1.60 was extended to pBA-b-pSt with Mn=6290 and Mw/Mn=1.75.
Conversion of the first block was above 95% and the second ~80% in both cases
[51].

RAFT can also be used to directly incorporate acrylic or methacrylic acid
into block copolymers [53], i.e., without the need for protecting groups, some-
thing that cannot yet be accomplished using ATRP or nitroxide systems.
TMPAH was used to prepare copolymers of acrylic acid, but no block copoly-
mers were reported [71]. Successful polymerization of the salts of some acidic
monomers has been accomplished using ATRP in aqueous media, which, as de-
tailed above, eliminated the need for an additional deprotection step [214].
Block copolymers incorporating DMAEMA were also prepared using RAFT, by
chain extension of a poly (benzyl methacrylate) macroinitiator (Mn, block=
3500, Mw/Mn=1.06) [85]. However, very long reaction times were necessary due

R

S S

S

R’

1. R = CH3, R’ = C(CH3)2CN

2. R = CH3, R’ = CH(Ph)COOH

3. R = R’ = CH2Ph

4. R = R’ = CH(CH3)Ph

Fig. 30. Structure of various trithiocarbonate transfer agents used in RAFT [85]
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70 K.A. Davis · K. Matyjaszewski

to the significant retardation at high concentrations of the RAFT reagent, as
shown in Scheme 20.

A pSt macroinitiator of Mn=20,300 with Mw/Mn=1.15 was chain extended
with DMA, resulting in a block copolymer with Mn=43,000 and an Mw/Mn=1.24
[85]. The authors did not present monomer conversion data or GPC traces, so no
conclusion about the rate of the reaction or blocking efficiency can be drawn;
however, there was no indication in the text that the polymerization was uncon-
trolled, as was originally observed for the ATRP system [200].

Block copolymers of St and BA were also prepared using miniemulsion po-
lymerization with fluoroalkyl iodides as transfer agents. The best results were
obtained using a slow monomer feeding technique to reduce the propagation
rate and enhance the rate of exchange reactions [212, 215].

3.1.4
Comparison of CRP Methods for Block Copolymer Synthesis

The above sections provide information about the synthesis of block copolymers
using CRP techniques. In the first section, details about the nitroxide-based sys-
tems were presented. From the literature reports, it is clear that TEMPO and
TEMPO-based analogs only produce block copolymers of St-based monomers
successfully. Liquid crystalline monomers, sugar containing derivatives, and
even silicon-based St monomers were successfully homopolymerized. Water sol-
uble monomers like sodium 4-styrenesulfonate and 4-(dimethylamino) methyl-
styrene were successfully incorporated into block copolymers using TEMPO in
aqueous media. However, there was evidence that even with some St derivatives,
particularly those that were chloromethylated, side reactions occurred to pro-

Scheme 20. Synthesis of p(BzMA-b-DMAEMA) block copolymers using RAFT [85]
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duce dead polymer chains when TEMPO was used to moderate the polymeriza-
tion. Attempts at using the system for n-butyl acrylate, isoprene, butadiene, or
vinyl pyridine produced polymers with low chain end functionality and poorly
defined block copolymers. This can be attributed to differences in the equilibri-
um conditions for these monomers as opposed to St. New nitroxides have over-
come this problem and have allowed for the homo- and copolymerizations of
various acrylate, acrylamide, and diene monomers. While most investigations
have focused on the statistical copolymerizations, block copolymers of St with
isoprene and tert-butyl acrylate as well as isoprene with tert-butyl acrylate have
been synthesized. Unfortunately, chain end functionality is lost if the acrylate
monomer is the second block in either chain extension, potentially limiting ap-
plication of the system. No controlled homopolymers or block copolymers con-
taining methacrylates have yet been prepared. Further alteration in the nitroxide
structure may eventually allow for the incorporation of methacrylate monomers;
however, this presently remains elusive in the nitroxide realm.

ATRP can be carried out in either organic or aqueous media, as well as under
biphasic conditions. Monomers that can be incorporated into block copolymers
with ease include styrenes, acrylates, methacrylates, and even vinyl pyridine.
Some problems associated with preparation of block copolymers from less reac-
tive macroinitiators and methacrylate-type monomers can be overcome by using
the halogen exchange technique. This allows for a better match between the rates
of cross-propagation and polymerization of the second monomer, enhancing the
physical properties of the block copolymers. Polymers can be prepared using an
isolation/purification procedure for the macroinitiator as well as a sequential
monomer addition technique. The first approach produces “clean” block copol-
ymers while the latter approach creates a gradient of monomers in the second
block. MMA/nBA copolymers produced using both techniques had different me-
chanical properties, providing another route to altering materials for specific ap-
plications.

There are numerous combinations of transition metal and ligand that can be
used to tailor the ATRP catalyst system to specific monomers. The ATRP systems
are tolerant of many impurities and can be carried out in the presence of limited
amount of oxygen and inhibitors [216, 217]. This approach is so simple that it
has been proposed as undergraduate experiments to prepare block copolymers
[218, 219]. However, the ATRP catalyst can be poisoned by acids, but the salts of
methacrylic and vinylbenzoic acids have been polymerized directly in aqueous
media [206]. Also, the use of protecting groups [206], followed by a deprotection
step to yield the acids, has been successful in organic media [220]. While ATRP
cannot be used to prepared well-defined polymers of vinyl acetate [221] as of yet,
these goals may be realized with further catalyst development.

Block copolymers prepared using the degenerative transfer with alkyl iodides
and RAFT systems include methacrylate, acrylate, and styrene combinations as
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well as styrene/acrylate, acrylate/acrylic acid, methacrylate/styrene, and meth-
acrylate/methacrylic acid combinations. A pSt macroinitiator was also success-
fully chain extended with N,N-dimethylacrylamide in a controlled fashion.
While this system is useful for a variety of combinations of monomers, the order
in which the individual blocks are produced is important. Those monomers with
higher transfer rates must be polymerized first to avoid inefficient blocking
when chain extended with monomers with lower transfer rates. Although an ap-
proach similar to that of the halogen exchange would solve this problem, this has
not yet been addressed for the RAFT systems and may limit its applicability for
materials synthesis.

3.2
Block Copolymers Prepared Through Transformation Techniques

There have been numerous examples of transformation reactions that combine
either preformed macroinitiators or different polymerization techniques with
the CRP of various monomers reported in the literature.

The first section focuses on using commercially available polymers that were
transformed into controlled radical macroinitiators. Commercial availability
and the use of simple organic chemistry to prepare the macroinitiator make
this route to block copolymers attractive to many. The second section focuses
on those examples where two different polymerization methods were com-
bined. After obtaining a functional molecule through one process transforma-
tion to the species suitable for controlled radical polymerization may or may
not be necessary, as detailed below. Although historically the first example of a
transformation without altering the chain end but just changing the catalytic
system was reported by Coca and Matyjaszewski and involved the cationic po-
lymerization of styrene followed by the ATRP of styrene [222], and the first in-
corporation of bromoesters to a hydroxy-terminated polymer was reported for
polysulfones followed by the ATRP of St and nBA [223], the following sections
are presented in a way that focuses on the methods used rather than the histor-
ical perspective.

3.2.1
CRP from Commercially Available Macroinitiators

3.2.1.1
Poly(ethylene glycol)

The majority of the work reporting on use of commercially available macroini-
tiators to prepare block copolymers describes the use of macroinitiators derived
from poly(ethylene glycol) (PEG), which can be used to produce amphiphilic
block copolymers. These polymers contain hydroxy end-functionalities that can
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easily be altered to incorporate CRP-type initiating end groups through simple
chemistry, as illustrated in Scheme 21.

Kops et al. first demonstrated the use of PEG macroinitiators [224]. They pre-
pared a 2-bromo- or 2-chloropropionate difunctional PEG macroinitiator (Mn=
2180 or 2270, respectively) and initiated the polymerization of St with the corre-
sponding CuX/bpy complex (where X=chlorine (130 °C) or bromine (110 °C))
[224]. The block copolymers prepared using the chlorine system had Mn=19,700
and Mw/Mn=1.29 (bulk) or Mn=4700 with Mw/Mn=1.28 (80 vol.% xylene solu-
tion). There was little evidence in the block copolymers of the presence of a
homopolymer of St resulting from a thermal polymerization. Attempts to pre-
pare the same block copolymer using PEG-TEMPO as the macroinitiator result-
ed in contamination with pSt due to the similar rates for the polymerization of
styrene whether initiated by the macroinitiator or by the thermal process [225].
The pSt content in the block copolymers using the ATRP process was slightly
higher than that predicted by the monomer conversion, as determined by
1H NMR analysis. The GPC traces showed clean chain extension from the mac-
roinitiator for the polymers prepared both in bulk and in solution, indicating
the functionalization of the PEG was complete and the blocking efficiency was
high [224]. Detailed analysis performed later showed that initiation wasn’t com-
plete until >50% monomer conversion but that no remaining macroinitiator was
found when the block polymer was extracted with water [226]. Cheng et al. later
reported on an identical chlorine-based system, but did not investigate the rate
of consumption of the macroinitiator [227].

Kubisa et al. also used hydroxy-functional PEG after reaction with 2-bromo-
propionyl bromide as an ATRP macroinitiator [228]. Their goal, however, was to
polymerize tert-butyl acrylate, rather than St, then to hydrolyze the esters to
acid functionality and study the cation binding properties of the doubly am-
phiphilic block copolymers. They utilized a CuBr/PMDETA catalyst system for
the polymerization and, although the macroinitiator was completely consumed,
MALDI-TOF analysis indicated that bromine was replaced with a hydrogen at

Scheme 21. General procedures for modifying hydroxy-functional PEG to make ATRP mac-
roinitiators
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monomer conversions >75% [229]. However, these experiments were carried
out in the presence of an excess of the PMDETA ligand, which can act as a trans-
fer agent. Davis and Matyjaszewski showed that choosing the proper ATRP con-
ditions (i.e., not using an excess of PMDETA) resulted in good chain end func-
tionality and high blocking efficiency [196].

Armes et al. used a pEG macroinitiator to polymerize the sodium salt of
methacrylic acid to form a block copolymer with a short PEG segment, as shown
in Scheme 22 [214]. Critical for success was pH control. Too low a pH caused
protonation of the ligand and too high a pH caused nucleophilic displacement
of Br from the chain ends.

Ying et al. used a dihydroxy functional poly(propylene oxide) of Mn=2000
(Mw/Mn=1.28) as a macroinitiator for the ATRP of St after esterification with
chloroacetyl chloride [230]. The polymerization using the CuCl/bpy catalyst sys-
tem had an induction period (~3 h), then proceeded with a constant concentra-
tion of active species. During this induction period, the GPC traces indicated
slow consumption of the macroinitiator, corresponding to the higher than ex-
pected molecular weights and a significant increase in the Mw/Mn to 2.5. After
>20% monomer conversion, the molecular weights increased linearly (Mn,final=
11,900) and Mw/Mn decreased with increasing conversion (Mw/Mn,final=1.58)
[230]. These results were similar to those found by Kops et al. [224].

Moad et al. functionalized a monomethylated PEG with a dithioester to pre-
pare a RAFT macroinitiator (Mn=750, Mw/Mn=1.04). The formation of a block
copolymer with either St (Mn=7800, Mw/Mn=1.07) or with benzyl methacrylate
(Mn=10,800, Mw/Mn=1.10) resulted in well-defined copolymers with no remain-
ing PEG macroinitiator [53].

3.2.1.2
Biocompatible Polymers

Yoshida and Nakamura reacted poly(ethylene adipate) (EAD) containing isocy-
anate end groups with HTEMPO to produce a counter radical (Scheme 23) al-

Scheme 22. Transformation of a PEG oligomer to an ATRP initiator followed by chain exten-
sion via ATRP with the sodium salt of methacrylic acid [214]
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lowing for a copolymerization with St in the presence of BPO to form a block co-
polymer [231].

The presence of the nitroxide radical was confirmed through EPR and
1H NMR spectroscopic methods. The copolymer GPC trace (Mn=33,100,
Mw/Mn=1.37) was symmetrical with no evidence of unreacted macroinitiator or
homopolymer of St resulting from either thermal initiation or from dispropor-
tionation of the pSt from the TEMPO chain end [231]. The kinetic results
showed a first-order relationship between monomer conversion and time and
the molecular weights increased linearly with conversion, indicating the polym-
erization proceeded with minimal termination or chain transfer reactions. The
presence of the pEAD block produces an amphiphilic copolymer with a biode-
gradable block that may be useful for biomedical applications.

Haddleton and Ohno acylated and ring-opened b-cyclodextrin (b-CD),
which was subsequently selectively deacylated to create a hydroxy functional
maltoheptose [204]. After reaction with 2-bromoisobutyryl bromide, the new
initiator was used for ATRP of MMA using the CuBr/n-propyl-2-pyridylmetha-
nimine catalyst system. The polymerization occurred with little termination
and a linear increase of the molecular weight with time (final Mw/Mn=1.09)
[204]. After complete polymerization, the maltoheptose unit was deprotected to
form the amphiphilic block copolymer. Several other methacrylate derivatives
were also used for the preparation of block copolymers, including DMAEMA, a
poly (ethylene glycol) macromonomer (pEGMA), and a sugar-containing mon-
omer. Although the block copolymer with DMAEMA could not be characterized
by GPC, the other copolymers had predictable molecular weights and low poly-
dispersities (Mw/Mn<1.25) [204]. These are interesting copolymers because they
provide a route to functionalized oligosaccharides.

Similarly, poly(dimethylsiloxane) (pDMS), an inorganic polymer, has been
incorporated into block copolymers using a functionalization reaction. Maty-
jaszewski et al. used commercially available hydrosilyl or vinylsilyl terminated

Scheme 23. Synthesis of TEMPO-terminated poly(ethylene adipate) [231]
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pDMS functionalized with a benzyl chloride moiety to produce macroinitiators
for ATRP reactions (Scheme 24) [232, 233].

The resulting ABA block copolymer using the macroinitiator originating
from the vinylsilyl pDMS with St was more well-defined than the commercial
pDMS sample (Mn=9800, Mw/Mn=2.40), with an Mn=20,700 and an Mw/Mn=
1.60. Better results were obtained from the hydrosilyl derived macroinitiator,
with the molecular weight increasing from Mn=3000 to 9900 and Mw/Mn de-
creasing from 1.35 to 1.19 [233]. Subsequently, pDMS was prepared anionically,
functionalized, and used as an ATRP macroinitiator. This will be detailed in the
following section on transformation reactions [234].

3.2.1.3
Polydienes

Nitroxide-mediated polymerizations have recently been used to polymerize di-
ene-based monomers [159]. ATRP [79] has so far been less successful and there-
fore other routes to incorporation have been utilized. One route is to function-
alize a commercially available olefin based polymer. Kops et al. reacted a hy-

Scheme 24. A Synthesis of benzyl chlorine-based ATRP macroinitiators from: A vinylsilyl-;
B hydrosilyl-terminated PDMS [232, 233]
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droxy-functional poly (ethylene-co-butylene) (EB) with bromopropionyl chlo-
ride to produce a bromo-terminated ATRP macroinitiator [235]. Using the Cu-
Br/bpy catalyst system, the resulting block copolymers with St had molecular
weights ranging from Mn=18,600 to 24,100 with Mw/Mn=1.29 to 1.36. The GPC
traces were symmetrical with little evidence of unreacted macroinitiator, even
though the commercial sample had a hydroxy functionality of 0.98. DSC analysis
showed the presence of two Tgs, one at –63 °C (pEB) and the other at 93 °C (pSt),
supporting the idea that chain extension had occurred [235].

The same hydroxy-functional pEB was reacted with 4-cyano-4-
[(thiobenzoyl)sulfanyl] pentanoic acid to produce a macroinitiator for a RAFT
copolymerization (Scheme 25) [134]. Klumperman et al. used this RAFT agent
to initiate the polymerization of St or the copolymerization of St with MAh.

The molecular weight of the pSt-b-pEB copolymer increased linearly with
monomer conversion with the final Mn=23,000 and the Mw/Mn=1.20. There was,
however, a large tail to lower molecular weights comprised of a small proportion
of pSt derived from the azo initiator used to start the transfer process as well as
what appears to be unreacted macroinitiator, although the authors did not dis-
cuss this fully [134]. When low molecular weight block copolymers were sub-
jected to UV irradiation, the end groups were cleaved and the color associated
with the thioester end groups was easily removed by filtering through a silica
column. The GPC traces showed evidence of coupling products associated with
ABA block copolymer formation as well as three-arm stars, the result of the pol-
ymer chain end radical coupling to a RAFT intermediate. The same pEB mac-
roinitiator was used for the RAFT-based copolymerization of St with MAh; how-
ever, the results of this polymerization indicated that the growth from the mac-

Scheme 25. Reaction of p(EB) with 4-cyano-4- [(thiobenzoyl)sulfanyl] pentanoic acid to pro-
duce a RAFT agent [134]
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roinitiator was not uniform because of slow initiation, regardless of the low mo-
lecular weight distribution (Mw/Mn=1.12) [134]. Similar work was carried out
by ATRP, confirming good functionalities and block extension [236].

Ying et al. transformed a dihydroxy-terminal pBD sample (Mn=6540,
Mw/Mn=2.1 to 2.3) into an ATRP macroinitiator through an esterification reac-
tion with chloroacetyl chloride [230]. The block copolymer had an Mn=19,000
with an Mw/Mn=2.16. Although specific kinetic results were not shown for this
system, an induction period similar to the one seen for the pPO ATRP macroin-
itiator [230] would be expected.
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Polymer Structure Name CRP Method

poly(ethylene glycol) ATRPa, RAFTb

poly(propylene oxide) ATRPc

poly(ethylene adipate) TEMPOd

poly(   -cyclodextran) ATRPe

poly(dimethylsiloxane) ATRPf

poly(ethylene-co-butylene) ATRPg, RAFTh

poly(butadiene) ATRPi

b

Table 7. Commercially available macroinitiators transformed into CRP initiators.

aKops[224, 226], bMoad[53], cYing[230], dYoshida[231], eHaddleton[204], fMatyjaszewski [232, 233],
 Haddleton [371], gKops [235], Klumpermann [236], hKlumpermann [134], iYing [230]
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3.2.1.4
Summary

The above examples describe the transformation of commercially available poly-
mers into CRP macroinitiators to prepare unique materials and illustrate just
some of the possibilities that are open to exploration. The ease with which hydroxy
functionalities in particular can be incorporated into a polymer and then trans-
formed into CRP initiating moieties provides a route to modify many already ex-
isting materials rather than having to develop completely new materials for a spe-
cific application. For example, PEG derivatives are often used as surfactants; how-
ever, the hydrophobic tails are generally long alkyl chains. Chain extending PEG
with a particular monomer via CRP may result in surfactants that are either more
versatile or more specific for a certain application. The same can be said for the in-
corporation of biocompatible segments into polymers, particularly for drug deliv-
ery applications. Table 7 contains a summary of the above discussion on these pol-
ymers.

3.2.2
Block Copolymers by Combination of Two Polymerization Techniques

Many polymerization techniques have been combined with CRP through site
transformation of the active species. These include non-living techniques like
condensation (or step) and conventional free radical processes or living methods
like anionic, cationic, and ring-opening polymerizations, as well as others. Early
examples were undertaken perhaps just to show that two different techniques
could be combined, while later examples show how elegant the combinations
have become and provide a foundation for controlled synthesis of materials from
any type of monomers. These types of reactions are detailed below.

3.2.2.1
CRP and Non-Living Polymerizations

Non-living polymerization techniques can be combined with CRP methods to
produce block copolymers. The first example of transforming a hydroxy function-
ality into an ATRP initiator was demonstrated by Gaynor and Matyjaszewski
[223], who converted a polysulfone, prepared through the condensation polymer-
ization of 4,4-difluorosulfone with an excess of bisphenol A, to an ATRP initiator
by reaction with 2-bromopropionyl bromide for subsequent controlled polymeri-
zation reactions (cf. Scheme 26). The transformation proved to be quantitative
and the macroinitiator (Mn=4030, Mw/Mn=1.5) was used for formation of triblock
copolymers with St (Mn=10,700, Mw/Mn=1.1) or nBA (Mn=15,300, Mw/Mn=1.2) as
shown in Fig.31 [223]. DSC analysis provided evidence of the presence of two dis-
tinct blocks with Tg=153–159 °C (polysulfone) and 104 °C (pSt) or –41 °C (pBA).
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The triblock copolymer with a central polysulfone segment (25 wt%) and pBA
side blocks organizes into supramolecular aggregates with a periodicity from 10
to 12 nm. According to SAXS, the periodicity remains even above 250 °C, al-
though DMA indicates that the triblock copolymer “melts” at about 100 °C. This
temperature corresponds to a structural relaxation of pnBA with a molecular
weight of a few million, confirming a high degree of aggregation (Fig. 32).

Similar to the synthesis of the difunctional polysulfone macroinitiator, a poly-
ester was used in the synthesis of block copolymers by ATRP. The a, w-dihydroxy
terminal polymer was synthesized by the transesterification of 1,6-hexanediol
with dimethyl adipate [237]. The end groups were then esterified with 2-bromo-
propionyl bromide and the ATRP of styrene yielded the ABA triblock copolymers.

Recently, the synthesis of rigid-flexible triblock copolymers, with a rigid cen-
tral part and possessing photoluminescence, has been described [238, 239].
First, Suzuki coupling was applied to prepare a,w-acetoxy functionalized oli-
gophenylenes with five or seven rings. Hydrolysis of these acetoxy end groups
and esterification of the resulting hydroxy end groups with acyl chlorides led to
molecules capable of acting as ATRP initiators. The final rigid-flexible copoly-
mers of styrene displayed low polydispersities and showed blue light emission.

Scheme 26. Synthesis of polysulfone-b-pnBA by transformation of a macroinitiator prepared
through a condensation polymerization to an initiator for ATRP [223]
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Jones et al. prepared poly(methylphenylsilylene) (p(MPSi)) using a Wurtz-
type reductive coupling reaction, followed by reaction with (4-chloromethyl-
phenylethyl) dimethylchlorosilylene to produce the a,w-difunctional ATRP ini-
tiator [240]. 1H NMR characterization indicated the presence of several different
types of chains ends; however, the majority of them appeared to contain the
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Mn = 4,030 (Mw / Mn = 1.5)
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Mn = 10,700 (Mw / Mn = 1.1)

Poly(BA-b-S-b-BA)

Mn = 15,300 (Mw / Mn = 1.2)

Fig. 31. GPC traces for polysulfone, pSt-b-polysulfone-b-pSt, and pnBA-b-polysulfone-b-pn-
BA. Reprinted with permission from [223]. Copyright (1997) American Chemical Society.
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Fig. 32. Illustration of the aggregation between phase separated blocks of polysulfone and
pnBA
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desired chlorine. Chain extension of the macroinitiator (Mn=4550, Mw/Mn=5.9,
Mp=3100) with St using the CuBr/bpy catalyst system resulted in a block copol-
ymer with a bimodal distribution. The lower molecular weight peak corre-
sponded to dead macroinitiator (11 wt%) while the higher molecular weight
peak was a combination of both AB (Mn=206,600, Mw/Mn=1.91, 50 wt%) and
ABA (Mn=527,100, Mw/Mn=1.43, 39 wt%) block copolymers [240]. While the
block copolymers were more well-defined than the macroinitiator, the mixture
of mono- and difunctional chains may affect the properties of the material and
limit its applicability in the electronics industry.

Kallitsis et al. used a Suzuki coupling reaction to prepare a, w-acetoxy function-
alized oligophenylenes, which were then converted to the ATRP macroinitiators
through hydrolysis, followed by esterification with acyl chlorides [241]. The mac-
roinitiators had 4 (quatra phenyl, QP) or 6 (heptaphenyl, HP) phenyl units in the
backbone which emanated from an aromatic core initiator. The QP-pSt block co-
polymers had Mn=7900 to 20,600 with Mw/Mn=1.17 to 2.15. The low polydisper-
sity polymers were prepared using the CuBr/bpy catalyst system, while the samples
with larger Mw/Mn were the product of either a CuBr2/Cu(0)/bpy or a Cu-
Br/Cu(0)/bpy catalyst system. The rate enhancement offered by the addition of
Cu(0) [242] resulted in the generation of too many radicals and an ill-defined
product. The HP-pSt block copolymers had Mn=2100 to 8000 with Mw/Mn from
1.19 to 1.41. Use of a heterogeneous catalyst system resulted in a sample with
Mw/Mn=1.41; all the other polymerizations used the CuBr/bpy system [241]. The
QP-pSt polymers exhibited a red shift from 378 nm to 405 nm, suggesting that the
presence of the pSt block may be a way to tailor the properties of this type of rod-
coil polymers.

To enhance the photovoltaic efficiency of poly (phenylenevinylene) (PV)-C60,
Hadziioannou et al. synthesized block copolymers by combining condensation
and nitroxide-mediated polymerizations [243]. Oligo pPV with an w-aldehyde
group was reacted with the Grignard reagent containing the TEMPO moiety ca-
pable of initiating the polymerization of St. The average degree of polymeriza-
tion of the pPV was 7 (Mn=2500) and chain extension produced a block copoly-
mer of Mn=7000 with a weight ratio of the pSt block to the pPV block of 1.8. In
order to incorporate the C60 group, a statistical copolymerization of St with
CMSt was performed at a feed ratio of 2:1 St:CMS to generate a block copolymer
with Mn=9000 [243]. Subsequently, the block copolymer was functionalized
with C60 through an ATRA reaction with the chloromethyl groups in the back-
bone (Scheme 27). Larger amounts of CMSt in the feed led to crosslinked prod-
ucts once functionalization was carried out. The C60 containing block copoly-
mers had, on average, 15 C60 units incorporated. Electron transfer studies
showed that the photoluminescence of the pPV segment is almost entirely
quenched once the C60 is added, suggesting that this material may find utility for
charge transfer media [243].
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Yoshida and Tanimoto used pDMS that contained, on average, five azo moieties
in the main chain as a macroinitiator for St in the presence of MOTEMPO [245].
The initiator efficiency was 39%, based on trapping studies performed with MO-
TEMPO and followed by UV detection. The macroinitiator was used for the po-
lymerization of St, which was carried out in bulk at 130 °C, with 84% monomer
conversion after 72 h (Mn=66,000, Mw/Mn=1.90). There was no unreacted pDMS
macroinitiator present in the final product, suggesting that any azo groups not
participating in the chain extension were deactivated through a coupling reaction.
In addition, only when the ratio of MOTEMPO to the azo initiator was 0.6 were
monomodal GPC traces obtained; with increasing amounts of MOTEMPO, the
contribution of the thermal polymerization began to become significant [245]. 

Further chain extension of the pDMS-b-pSt with p-methoxystyrene produced
a block copolymer with increased molecular weight (Mn=135,000) and a still
narrow molecular weight distribution (Mw/Mn=1.43) [245]. Some tailing in the

Scheme 27. Preparation of a block copolymer of pPV with St and CMSt using TEMPO-medi-
ated polymerization, followed by ATRA to incorporate C60 [243]
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GPC trace was evident, which would indicate that the blocking efficiency may
not have been 100%; however, these experiments show that the use of a macroa-
zo initiator can be successfully combined with CRP techniques.

Using a similar methodology, Matyjaszewski et al. modified a diazo initiator
containing terminal hydroxy groups with either a 2-bromoisobutyryloxy group
(AMBEP) or a 4-chloromethylbenzoyloxy group (AMCBP) to produce a com-
pound capable of initiating both a free radical polymerization and an ATRP re-
action (Fig. 33) [246]. Their goal was to incorporate vinyl acetate (VA), which
cannot yet be accomplished solely using ATRP, into a block copolymer. Four dif-
ferent combinations of reactions were examined.

The first route utilized AMBEP to polymerize VA; however, transfer reactions
with the bromine moiety caused low monomer conversion and formed low mo-
lecular weight polymer. When the AMCBP was used as the initiator, transfer was
limited and a polymer with Mn=47,900 and Mw/Mn=2.21 was formed. Forma-
tion of a block copolymer by polymerization of St, via the ATRP initiating sites,
resulted in polymers with increased molecular weights (Mn=91,600) and nar-
rower molecular weight distributions (Mw/Mn=1.80) [246]. The second route to
VA incorporation was to use the alkyl halide initiator for the ATRP of acrylates
at room temperature first, followed by the conventional radical polymerization
of VA. The pnBA macroinitiator prepared using the CuBr/tris [2-dimethylami-
noethyl] amine catalyst system had an Mn=7500 with an Mw/Mn=1.15. (cf. Fig.
34). Unfortunately, the blocking efficiency using this macroazo initiator was
only about 50%, resulting in the formation of a polymer showing contamination
from both in cage coupling and disproportionation reactions [246]. Finally, two
methods based on using redox initiated polymerizations in conjunction with
ATRP were attempted. In the first approach a pVA with Mn=3600 and an
Mw/Mn=1.81 was prepared using CCl4 as an initiator/transfer agent in the pres-
ence of Fe(OAc)2/PMDETA as a catalyst and was chain extended with St to yield
a block copolymer with Mn=24,300 and Mw/Mn=1.42 or with nBA to produce a
block copolymer with Mn=11,000 and Mw/Mn=1.41 as shown in Fig. 34. Alterna-
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Fig. 33. Structure of 2,2¢-azobis[2-methyl-N-(2-(2-bromoisobutyryloxy)ethyl)-propiona-
mide (AMBEP) and 2,2¢-azobis[2-methyl-N-(2-(4-chloromethylbenzoyloxy)-ethyl)-propi-
onamide (AMCBP) [246]
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tively, the ATRP of nBA was first carried out (Mn=2460, Mw/Mn=1.33), followed
by the redox polymerization of VA (Mn=4450, Mw/Mn=2.58) [246]. All four
methods are useful since they require no transformation chemistry to obtain the
macroinitiators.

Boutevin et al. also incorporated VA into block copolymers, but via a slightly
different technique. They utilized chloroform as a transfer agent, which, in the
presence of AIBN as an initiator, will produced telomers of VA that are capable
of initiating ATRP [247]. Various telomers of pVA (degree of polymerization=1,
9, or 62) were used as the macroinitiators for the ATRP of St, carried out in the
presence of the CuCl/bpy catalyst system. The molecular weights increased line-

100100010
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5

Molecular Weight (Mn)

poly(VOAc-b-Sty)

  Mn,S E C = 24300

  Mw/Mn = 1.42

poly(VOAc)

  Mn,S E C = 3600

  Mw/Mn = 1.81

poly(VOAc-b-nBA)

  Mn,S E C = 11000

  Mw/Mn = 1.41

Fig. 34. GPC chromatograms of pVA prepared using CCl4/Fe(OAc)2/PMDETA and its subse-
quent block copolymerizations. Conditions for the synthesis of pVA: 50°C; [VA]0=5.4mol/l
(50vol% ethyl acetate); [VA]0/[CCl4]0=40; [CCl4]0/[Fe(OAc)2]0/[PMDETA]0=1/0.2/0.2;
time=10h; conversion=45%; Mn,SEC=3600, Mw/Mn=1.81. Conditions for the synthesis of
p(VA-b-pSt): 90°C; [St]0=8.7mol/l (bulk); [St]0/[pVA-CCl3]0=628; [p(VA)-CCl3]0/[Cu-
Br]0/[dNbpy]0=1/2.5/5.0; time=15h, conversion=46%. Conditions for the synthesis of p(VA-
b-nBA): 90°C; [nBA]0=7.0mol/l (bulk); [nBA]0/[pVA-CCl3]0=502; [pVA-CCl3]0/[Cu-
Br]0/[dNbpy]0=1/2.5/5.0; time=11h, conversion=15%. Reprinted with permission from
[246]. Copyright (1999) American Chemical Society.
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arly with increasing monomer conversion (average final Mn~8000) and the mo-
lecular weights decreased throughout the polymerization with final Mw/Mn<1.5.
The content of pVA in the polymer calculated from 1H NMR analysis agreed well
with the theoretical composition [247]. In addition, analogous to the procedure
used by Matyjaszewski et al. [246], Destarac and Boutevin modified a diazoini-
tiator with trichloroethanol to produce an initiator capable of both a free radical
polymerization and ATRP [248]. After polymerizing nBA free radically, the mac-
roinitiator was used for the ATRP of St with the CuCl/bpy catalyst system. The
ATRP reaction had a constant concentration of active species during the poly-
merization and a linear increase of the molecular weight with conversion
(Mn,final=22,620). The molecular weight distribution decreased from Mw/Mn=
2.32 to Mw/Mn=1.66 by the end of the copolymerization. It was assumed that the
predominant mode of termination in the macroinitiator was coupling and that
the block copolymers produced were of the ABA type [248].

Using a conventional radical process, Ying et al. prepared difunctional p(vi-
nylidene fluoride) (VDF) in the presence of 1,2-dibromotetrafluoroethane as a
chain transfer agent [249]. The ATRP macroinitiator had an Mn=3870 with an
Mw/Mn=1.1 and a bromine-functionality close to 2. Chain extension of the
pVDF macroinitiator with St using the CuBr/bpy catalyst produced a polymer
with Mn=37,360 and with Mw/Mn=1.65. The experimental molecular weights, al-
though they increased linearly with conversion, were significantly higher than
the theoretical values, which may have resulted from poor solubility of the pVDF
in the GPC mobile phase. The GPC traces indicated complete consumption of
the macroinitiator and 1H NMR analysis gave a composition of 14% VDF and
86% St in the copolymer [249].

Destarac and Matyjaszewski et al. showed that a-trichloromethylated pVDF
telomers could be used as ATRP macroinitiators to prepare block copolymers
with various monomers [250]. The polymerization of VDF was carried out using
a peroxide initiator in the presence of chloroform, which produced an a-trichlo-
romethyl radical capable of adding to the monomer. The subsequent ATRP of St,
MMA, MA, or nBA using these macroinitiators resulted in block copolymers
with Mn>6000 and Mw/Mn<1.3. GPC traces verified complete consumption of
the macroinitiators [250].

In a novel twist, Yagci et al. used an ATRP initiator capped with a thiophene
moiety to polymerize MMA. The resulting macromonomer was then used for
the electropolymerization of pyrrole (PY) (Scheme 28) [251]. N-Trichloroacetyl
3-thiophenyl methyl carbamate was prepared through the reaction of 3-thi-
ophenemethanol with trichloroacetylisocyanate to generate the initiator, shown
in Scheme 28. The ATRP of MMA was carried out using the CuCl/dNbpy catalyst
system at 130 °C for 30 h producing two different polymer samples that had Mn=
15,000 and 28,000 with Mw/Mn=1.18 and 1.14, respectively. The electropolymer-
ization was carried out in the presence of two different supporting electrodes, p-
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toluenesulfonic acid and sodium dodecylsulfate. Cyclic voltammetry indicated
that the original pMMA films were not electroactive; however, after incorpora-
tion of the PY, there was a significant change in the electroactivity, resulting in
an increasing redox peak with an increase in the number of scans [251]. Al-
though FTIR analysis showed the presence of the pMMA in the block copolymer
samples, after washing the films in acetonitrile, which will remove any homopol-
ymer impurities of pMMA, scanning electron microscopy indicated that block-
ing efficiency was low (8–16%) [251].

3.2.2.2
CRP and Dendrimers/Hyperbranched Polymers

Frechet et al. reacted a halogen functionalized polyether dendron with HTEM-
PO to form a unimolecular initiator for TEMPO-mediated polymerization of St
[252]. Several initiators were prepared, differing only in the number of genera-
tions present on the dendrimer. Well-defined dendritic-linear block copolymers
were produced, with Mn=14,000 to 91,000 and Mw/Mn=1.14 to 1.42, depending
on the macroinitiator used [252]. Prior work attempted to use a TEMPO-func-
tional dendron as the polymerization mediator [253]; however, due to diffusion
effects, the control over the polymerization was not as good as with these uni-
molecular initiators. Similarly, various benzyl halide (Br or Cl) terminated den-
drimers were used for the ATRP of St in conjunction with a CuCl and either 4,4¢-
(bis-n-heptyl)-2,2¢-bipyridyl or bpy as the ligand [252]. Again, the block copol-
ymers were well-defined with predictable molecular weights and narrow molec-

Scheme 28. ATRP of pMMA followed by electropolymerization of pyrrole to produce the block
copolymers [251]
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ular weight distributions. Interestingly, there was a single Tg for all the block co-
polymers, regardless of the generation of the dendrimer initiator, suggesting
that the two blocks do not phase separate, (blends of the two polymers exhibit
two Tgs) [252]. Expanding on this work, the authors used dendrons with exterior
ethyl esters as the initiators for similar copolymerizations [254]. This provided
a direct route to materials with carboxylic acids, butyl amides, and alcohols on
the periphery via transformation chemistry, which were to be investigated for
several uses, including surface modifiers and adhesives.

Later work by Frechet et al. attempted to prepare ABA diblock copolymers us-
ing the same methodology [255]. Two polyether dendrons were connected to a
dihydroxy functional TEMPO moiety, which was then used to initiate, as well as
control, the polymerization of St and formed “dumbbell-shaped” block copoly-
mers (Scheme 29). The ABA block copolymers were formed; however, there was
some initial contamination from mono- and bis-dendritic species, which were
removed by column chromatography. In addition, 1H NMR analysis determined
that the purified ABA triblock copolymers were also contaminated with AB di-
block copolymers. This was attributed to the persistent radical effect, as well as
inherent problems with the mobility of the bulky dendron counter radical, both
of which will result in the AB diblock copolymers. Thermal polymerization may
also contribute to diblock formation, as the radicals generated will be trapped
by the counter radical dendron, but would not contain the initiating dendron
moiety. Pure ABA triblock copolymer was obtained after two purification cycles
using column chromatography [255].

Scheme 29. Functionalization of a polyether dendron using a dihydroxy-TEMPO moiety fol-
lowed by the formation of ABA “dumbbell-shaped” block copolymers with St [255]
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Carbosilane dendrimers were also used as macroinitiators for ATRP by van
Koten et al. [256]. Using bromoisobutyryl functional 0-th and 1-st generation
dendrimers as the initiators (Scheme 30), the ATRP of MMA was carried out us-
ing the CuBr/n-octyl-2-pyridylmethanimine (OPMA) catalyst system, resulting
in block copolymers with Mn=13,900 (4 initiating sites) and 33,000 (12 initiating
sites) and Mw/Mn=1.18 and 1.29, respectively [256]. There was significant den-
drimer-dendrimer coupling in the polymerization using the 12-site initiator and
this was present from the early stages of the reaction. Polymerizations per-
formed using macroinitiators with varying degrees of functionality showed that
the molecular weight evolution was similar for both the 6- and 12-site initiators,
indicating that GPC analysis does not provide accurate molecular weight results
due to the compact nature of the star shaped structure [256]. This has proven to
be yet another approach to incorporate inorganic functionality into a block co-
polymer.

Hyperbranched polymers may be prepared by the self-condensing vinyl po-
lymerization (SCVP) [257] of AB* star monomers by a controlled free radical
process, such as ATRP [258]. The result, under certain conditions, is a highly
branched, soluble polymer that contains one double bond and, in the absence of
irreversible termination, a large quantity of halogen end groups equal to the de-
gree of polymerization which can be further functionalized [87] (Fig.35). Two
examples explored in detail by ATRP are vinyl benzyl chloride (VBC, p-chlo-
romethylstyrene) [258] and 2-(2-bromopropionyloxy)ethyl acrylate (BPEA)
[259–261] both depicted in Fig. 35. Several other (meth)acrylates with either 2-

Scheme 30. 0-th generation carbosilane dendrimer used as a macroinitiator for the ATRP of
MMA [256]
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bromopropionate or 2-bromoisobutyrate groups were also used [262]. It should
be noted that, under certain conditions, linear homopolymers of the AB* mon-
omers can be synthesized as intermediates toward other chain architectures
[261].

Hyperbranched polymers synthesized by ATRP using “mixed monomers”,
structures that contain combinations of (meth)acrylates with a-haloesters
[262], have also been reported. For example, 2-(2-bromopropionyloxy)ethyl
methacrylate (BPEM) contains the methacrylate and bromopropionate groups
which form tertiary and secondary radicals, respectively. Likewise, the mono-
mer 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA) contains the secondary acr-
ylate group with a tertiary 2-bromoisobutyrate fragment. With these monomers,
highly branched macromolecules were obtained. In a similar way, macroinitia-
tors were used to reduce the proportion of branched units [263]. They may be
considered a segmented block copolymers.

Another approach to incorporate a block structure was to use the multifunc-
tional precursor shown in Fig. 35 and grow blocks from the core of the hyper-
branched structure. Such star-like polymers with ~80 pnBA blocks were ob-
tained [130]. In a similar way, hyperbranched polymers from VBC were used to
initiate the ATRP of nBA [130] and St [264]. Dendrigraft polystyrene was found
to display a lower intrinsic viscosity and higher thermal stability than linear pol-
ystyrenes [264].

Hydrophilic pEG or pentaerythritol ethoxylate cores with hyperbranched
polystyrene arms were prepared by reacting PEG or pentaerythritol ethoxylate
with 2-bromopropionyl bromide followed by the ATRP of the macroinitiator and
chloromethylstyrene to produce the amphiphilic hyperbranched polymer. De-
pending on the functionality of the macroinitiator, the products have either a
dumbbell or 4-arm starburst structure. The dumbbell polymers tend to have
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Fig. 35. Illustration of a hyperbranched polymer with halogen chain ends (X), 2-(2-bromo-
propionyloxy)ethyl acrylate (BPEA), and vinyl benzyl chloride (VBC)
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higher molecular weights, while the starburst polymers have rather low molec-
ular weights [265].

Heat-resistant hyperbranched copolymers of VBC and CMI have also been
synthesized by ATRP. Under identical polymerization conditions and after the
same reaction time, high monomer conversions occurred near the equimolar
feed composition, indicating the formation of charge transfer complexes be-
tween VBC (electron-donor) and maleimide (electron-acceptor). As expected,
the Tg of the copolymer increased with an increasing content of maleimide in the
feed [266].

Frey et al. have synthesized hyperbranched polyglycerols (pG) using a tech-
nique termed “ring-opening multibranching polymerization” [267]. They have
combined this technique with ATRP to prepare multi-arm star polymers of pG
with MA [268]. A pG containing an average of 64 hydroxyl groups was trans-
formed into an ATRP initiator via an esterification reaction with 2-bromoisobu-
tyryl bromide. The extent of functionalization was held to <100% to prevent any
remaining acid from participating in unwanted side reactions. Chain extension
of pG containing 71 and 86% bromine functionalities with MA was carried out
using the CuBr/PMDETA catalyst system. The rate of polymerization was a func-
tion of the ratio of monomer:initiating sites, with higher ratios producing slower
rates. The experimental molecular weights increased linearly with conversion
and the final Mw/Mn were <2.5. Gelation was observed at >35% monomer con-
version, indicating that extensive crosslinking occurred. At lower monomer: in-
itiator ratios, it was necessary to decrease the concentration of catalyst to
achieve monomer conversions >30% [268]. However, the rate of the polymeriza-
tions was fast (38% after 25 min at monomer: initiator ratios of 116:1). No at-
tempts to control the rate of reaction through addition of deactivator were at-
tempted. This would have decreased the rate of polymerization and potentially
allowed for higher monomer conversions.

3.2.2.3
CRP and Cationic Polymerizations

3.2.2.3.1
Vinyl Monomers

A pSt-Cl prepared using living carbocationic polymerization methods was used
directly for the synthesis of block copolymers with St, MMA, or MA using ATRP
for preparation of the second block by Coca and Matyjaszewski [222]. After iso-
lating the macroinitiator (Mn=2080, Mw/Mn=1.17), the ATRP of St, MMA or MA
was carried out using the homogeneous CuCl/dNbpy catalyst system at 100 °C
(Scheme 31). The molecular weight of the macroinitiator increased with in-
creasing monomer conversion and the molecular weight distributions were nar-
row. Block copolymers were also prepared directly by terminating the polymer-

APS-159.fm  Seite 91  Dienstag, 25. Juni 2002  9:45 09



92 K.A. Davis · K. Matyjaszewski

ization by adding the second monomer (i.e., MA), removing the Lewis acid and
solvent, then adding the ATRP catalyst solution. The results were nearly identical
to the isolation technique, but provided block polymers with an even narrower
molecular weight distribution (Mw/Mn=1.21 vs 1.57) [222].

Carbocationically prepared a, w-difunctional polyisobutylene (pIB), pos-
sessing a terminal chlorine functionality was capped with several St units, then
used as the macroinitiator for the ATRP of St, MMA, MA, and isobornyl acrylate
(IA) using the CuCl/dNbpy catalyst system, as reported by Coca and Matyjasze-
wski and shown in Scheme 32 [269]. The molecular weights of the block copol-
ymers increased significantly and although the molecular weight distributions
broadened slightly, there was little evidence of unreacted macroinitiator in the
GPC traces. The authors attributed this behavior to a slow cross-propagation
step [269]. DSC analysis showed the presence of two Tgs corresponding to pIB
(–71 °C) and pSt (91 °C), pMMA (94 °C), or pIA (93 °C) blocks. Ivan et al. also

Scheme 31. The cationic polymerization of St followed by the ATRP of MMA and MA with a
homogeneous CuCl/dNbpy catalyst system to produce AB block copolymers [222]

Scheme 32. Transformation of a,w-difunctional pIB into a chloro-terminated macroinitiator
followed by the ATRP of St [269]
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produced a macroinitiator via the same mechanism [270], which was subse-
quently used to initiate ATRP of St; however, their attempts to incorporate ace-
toxystyrene resulted in incomplete initiation, which the authors attributed to
the poor solubility of the pIB in the reaction mixture [270].

3.2.2.3.2
Ring Opening Polymerizations

Poly(tetrahydrofuran), pTHF, prepared through living cationic ring-opening
polymerization (CROP), was reacted with sodium OTEMPO to produce a coun-
ter radical for polymerization of St to form block copolymers, by Yoshida and
Sugita [271]. In the presence of pTHF, the polymerization of St initiated by BPO
was controlled, resulting in block copolymers with predictable molecular
weights and narrow molecular weight distributions (Mw/Mn=1.22–1.40). The
GPC traces showed complete consumption of the pTHF macroinitiator to form
the desired block copolymer [271]. Later work used a difunctional initiator for
the cationic polymerization, which was followed by reaction with the sodium
OTEMPO, finally resulting in an ABA triblock copolymer with exterior pSt
blocks (Scheme 33) [272].

In addition to using the pTHF as a macro-counter radical, it can be modified
to produce a unimolecular polymeric initiator, as shown by Yagci et al. [273].
THF polymerization was initiated by a diazooxocarbenium ion, resulting in a
polymer that, when heated, produced radicals that could be trapped by TEMPO
to produce the desired macroinitiator. Heating St to 125 °C in the presence of
these initiators gave block copolymers with higher molecular weights and rela-
tively low polydispersities [273].

Cationically prepared pTHF can also contain a functional group capable of
initiating an ATRP reaction, as shown by Kajiwara and Matyjaszewski [274]. Sil-
ver triflate in conjunction with 2-bromopropionyl bromide was used to initiate
the ring-opening polymerization (ROP) of THF which, after quenching the re-

Scheme 33. Transformation of living cationic THF to a TEMPO counter radical [272]
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action, allowed preparation of block copolymers from the bromine-containing
chain end via ATRP (Scheme 34).

Block copolymers were synthesized with St, MA, and MMA using the homo-
geneous CuBr/dNbpy catalyst system. The molecular weight of the macroinitia-
tor (Mn=15,400, Mw/Mn=1.39) increased with the formation of the second block
(Mn=24,900 to 35,000) and the molecular weight distribution remained narrow
(Mw/Mn>1.5) [274]. Difunctional macroinitiators were also prepared. Once the
THF polymerization was complete, the polymer was reacted with sodium 2-
bromopropionate to produce the ATRP initiator, which was then used for the
preparation of block copolymers, again with St, MMA, and MA. For both St and
MA, the polymerization leading to the preparation of the second block was in-
complete; however, it proceeded smoothly for MMA. In both systems, block for-
mation was confirmed through DSC analysis [274].

The reverse order for the formation of the blocks has also been utilized. Ying
et al. synthesized block copolymers containing pTHF and p(2-methyloxazoline)
(MO); however, they first used ATRP for the St polymerization, then chain ex-
tended the pSt macroinitiator by the ROP of THF or MO via a cationic mecha-
nism [275–277]. Chloro-terminated pSt (Mn=4100–15,150, Mw/Mn=1.34–1.70)
was reacted with a THF solution containing AgClO4 to form the cationic species,
then the polymerization of THF was allowed to proceed for a given time before
it was quenched by addition of a protonic substance (water, alcohol). The proce-
dure was similar for the MO chain extension. Although both the experimental
and characterization details were minimal for the THF polymerization, the re-
sults presented indicated that more efficient blocking could be achieved with use
of lower molecular weight macroinitiators [276]. The block copolymers pre-
pared with MO appeared to be well-defined based on the molecular weight re-
sults presented; however, the molecular weight distributions were significantly
broader when the chlorine-terminated pSt was used than when the pSt-Br
(Mw/Mn>1.35 vs <1.2) macroinitiator was employed [276]. This suggests that the

Scheme 34. Transformation of the CROP of THF to the ATRP of St [274]
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transformation reaction is either faster or more complete in the presence of the
bromine-terminated macroinitiator, as would be expected for a nucleophilic
substitution reaction [278].

Xu and Pan reported on a similar system. Bromine-terminated pSt was react-
ed with silver perchlorate to prepare a macroinitiator for the living CROP of THF
[279]. Using macroinitiators of Mn=4250 and 7890, block copolymers were syn-
thesized with Mn=9420 to 17,450 and Mn=11,860 to 32,980, respectively. The
Mw/Mn were <1.45 in all cases. They also prepared a pSt based macroinitiator via
ATRP using a hydroxy functional bromine-based initiator which was then used
as a chain transfer agent for the CROP of 1,3-dioxepane (DOP, Scheme 35) [280].
The pSt macroinitiators obtained using the CuBr/bpy catalyst system had Mn=
6300 (Mw/Mn=1.18) and 11,360 (Mw/Mn=1.19). The ROP of DOP, using a slow
addition of monomer technique, resulted in block copolymers with Mn=17,540
(Mw/Mn=1.43) and Mn=30,880 (Mw/Mn=1.46), as determined by 1H NMR. Con-
trol over the molecular weights and the molecular weight distributions was lost
if higher molecular weight blocks of pDOP were targeted [280].

In an interesting experiment, Yagci et al. polymerized cyclohexene oxide
(CHO) via a photosensitized cationic polymerization with an initiator that con-
tained a TEMPO moiety capable of CRP [281]. Anthracene was reacted with N-
ethoxy-2-methyl pyridinium hexafluorophosphate, which produced a radical
cation that could then be trapped with TEMPO to create the dual initiating
species capable of both cationic and nitroxide-mediated polymerizations
(Scheme36).

After the polymerization of CHO, the macroinitiator was purified and used
for the polymerization of St. The resulting block copolymers had increased mo-

Scheme 35. ATRP of St followed by cationic ROP of 1,3-dioxepane [280]
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lecular weights (Mn=3200 to 40,000) with no increase in the molecular weight
distribution (Mw/Mn=1.5) [281]. The GPC traces showed high blocking efficien-
cy and the IR analysis indicated the presence of two different polymer segments
in the samples.

3.2.2.4
CRP and Anionic Polymerizations

3.2.2.4.1
Vinyl Monomers

Living anionic polymerization has also been used to prepare macroinitiators for
subsequent chain extension to form block copolymers using CRP methods.
There are several examples in the literature of using anionically prepared pBD
to initiate either ATRP or nitroxide-meditated polymerizations. Priddy et al.
used an epoxy-functional TEMPO moiety to terminate the living anionic polym-
erization of BD, which was then employed as an initiator for the polymerization
with St to create high-impact pSt in situ [282]. Based on 1H NMR analysis, the
pBD had a chain end functionality >95%, resulting in a small amount of tailing
in the GPC traces of the block copolymer; however, the molecular weight distri-
bution remained narrow (Mw/Mn=1.22). After degradation of the block copoly-
mer, the pSt segment had an Mn=12,000 with Mw/Mn=1.18, in good agreement
with the original estimates from analysis of the block copolymer (Mn=15,000 via
GPC or 11,400 via 1H NMR) [282].

Miura et al. terminated a living anionic polymerization of BD with several dif-
ferent types of nitroxides to prepare CRP initiators [283]. The bulk polymeriza-
tion of St initiated by four different nitroxide moieties proceeded with a linear
increase of the molecular weight with monomer conversion and molecular
weight distributions <1.2. To synthesize the macroinitiators for preparation of

Scheme 36. Sensitized cationic ROP of cyclohexene oxide followed by the TEMPO-mediated
CRP of St [281]
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block copolymers, pBD was end-capped with a formyl-functional TEMPO de-
rivative (Scheme 37).

1H NMR and vapor pressure osmometry analysis gave Mn=5800 of the pBD,
and confirmed that the chain ends were fully functionalized with the TEMPO.
However, the GPC traces of a block copolymer formed with St showed some ev-
idence of unreacted macroinitiator as well as a high molecular weight shoulder
associated with coupling products [283].

Acar and Matyjaszewski reported on transformation of anionically prepared
pSt to an ATRP initiator which was chain extended with various other mono-
mers to create AB diblock copolymers [284]. The polystyryl anion was reacted
with 2-bromoisobutyryl bromide to produce the macroinitiator. Initially, the
molecular weight distribution of the pSt post-functionalization was bimodal as
a result of coupling between the anion and the bromine-containing chain end,
so the polystyryl anion was first reacted with styrene oxide (SO), then with 2-
bromoisobutyryl bromide to generate a macroinitiator with a monomodal mo-
lecular weight distribution [284]. Chain extension of the pSt-Br with St, MMA,
MA, nBA, and a mixture of St and AN proceeded with linear first-order kinetics
as well as a linear increase in molecular weight with increasing conversion, with
narrow molecular weight distributions (Mw/Mn<1.2). The only ATRP chain ex-
tension reaction that resulted in a block copolymer with a broader molecular
weight distribution was chain extension with MMA (Mw/Mn=1.36). Halogen ex-
change [175] was not utilized; therefore, the rate of polymerization for the MMA
was faster than the rate of crosspropagation and the polymerization was less
controlled [284]. In addition to the AB diblock copolymers, ABA triblock copol-
ymers were prepared. Living pSt was chain extended with IP, which was then
capped with SO, followed by transformation into the ATRP initiator. Chain ex-
tension with St produced unsymmetrical ABA triblock copolymers and al-
though the reaction proceeded with little termination and a linear increase of

Scheme 37. Anionic polymerization of BD followed by transformation to a TEMPO-based
macroinitiator and the CRP of St [283]
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molecular weight with conversion, the GPC traces had a higher molecular
weight shoulder; this was attributed to a “grafting through” side reaction with
the unsaturated pIP segments in the backbone [284].

Ying et al. have reported on similar work [285–289]. The authors first anion-
ically polymerized St, then end-capped the living chain end with ethylene oxide,
followed by reaction with trichloroacetyl chloride (TCAC) to form the ATRP in-
itiator. In some instances, BD was added prior to the transformation reaction to
create an AB diblock copolymer, which was then chain extended. The acylation
efficiency was high when an excess of TCAC was used and the reaction temper-
ature was raised to 60 °C [287]. In most chain extensions, with St or BA, com-
plete consumption of the macroinitiator was not achieved and bimodality was
observed in the GPC traces. However, chain extension of the pSt-Cl3 macroini-
tiator with MMA was carried out successfully using the CuCl/bpy catalyst sys-
tem at 15 °C in 50% xylene solution to generate a copolymer with Mn=31,500
and Mw/Mn=1.39 [287]. In related work, bromine-terminated pSt was also pre-
pared; however, this was accomplished through the bromination of an a-methyl
styrene (MeSt) capped polymer chain, as opposed to the direct incorporation of
an active alkyl halide moiety [286, 288]. Varying the reaction conditions had lit-
tle effect on the efficiency of bromination; a slight excess of Br2 was sufficient to
achieve >90% efficiency, regardless of the molecular weight of the pSt, the

Scheme 38. Anionic polymerization of IP end-capped with a fluorescent probe, followed by
transformation and the ATRP of St [238]
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amount of MeSt present, or the amount of solvent used. The molecular weights
of the block copolymer with MMA increased linearly with conversion and the
molecular weight distributions were narrow. 1H NMR analysis indicated the
presence of both pSt and pMMA blocks [288].

Winnik et al. used living anionic polymerization to prepare pIP, which was
then reacted with a fluorescent dye derivative, followed by a transformation to
an ATRP initiator through incorporation of a, a-dibromoxylene (DBX, Scheme
38) [238]. The fluorescent dye served two purposes: 1) to decrease the amount of
chain coupling that can occur once the DBX is added and 2) to measure the dis-
tance between two polymer chains based on the donor-acceptor relationship be-
tween the dyes. Block copolymers with St were successfully prepared using the
pIP capped with either the donor or acceptor dye derivative. Although coupling
occurred and produced dead macroinitiator, the contaminant could be removed
through extraction, leaving the well-defined block copolymers [238].

3.2.2.4.2
Ring Opening Polymerizations

ROP can also be carried out through an anionic mechanism. Yoshida and Osa-
gawa reacted an excess of HTEMPO with triethylaluminum to form an alumi-
num tri (OTEMPO) complex capable of initiating the ROP of e-caprolactone
(CL) [290]. The pCL was then used as a counter radical for the polymerization
of St initiated by BPO. There was good agreement between the molecular weight
calculated based on the ratio of intensities of the terminal-hydroxy protons to
the methylene protons from 1H NMR and that based on the content of TEMPO
per gram of polymer from UV analysis, indicating that TEMPO had been incor-
porated into the chain ends. Chain extension with St was successful, yielding
block copolymers with Mn=19,900 to 26,200 with Mw/Mn=1.37 to 1.42 [290]. A
detailed investigation showed that the polymerization proceeded with a mini-
mal amount of termination and that molecular weights were predictable based
on concentration of pCL-TEMPO macroinitiator. DSC analysis confirmed the
presence of two distinct blocks, with Tgs=–56 °C (pCL) and 90 °C (pSt) [290].

Ethylene oxide (EO) can also be polymerized via ROP. Huang et al. used po-
tassium 2-dimethylaminoethoxide as the initiator for the polymerization, fol-
lowed by quenching with methanol. The dimethylamino-capped polymer was
exposed to 365-nm light in the presence of benzophenone and capped with
HTEMPO to form the initiator (Scheme 39) [291].

The capping efficiency ranged from 85 to 89%. When used as an initiator, the
molecular weights of the resulting block copolymers increased with conversion
and the molecular weight distributions remained narrow (Mw/Mn<1.5). Con-
tamination with homopolymer of St, generated through the thermal process,
was only found when the concentration of St was increased to such an extent that
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there was not sufficient free HTEMPO to control the polymerization. DSC anal-
ysis showed the presence of Tgs=–19 °C (pEO) and 98 °C (pSt), indicating the
presence of the two blocks in the copolymer [291].

Siloxanes are another class of cyclic monomers that have been incorporated
into CRP copolymers via a transformation reaction. Miller and Matyjaszewski
used n-butyllithium to initiate the ROP of hexamethylcyclotrisiloxane (D3), then
terminated the polymerization with chlorodimethylsilane [234]. Allyl 2-bromoi-
sobutyrate was then incorporated via a hydrosilylation reaction using Karstedt’s
catalyst. This reaction did not achieve a high end-functionality, but use of 3-
butenyl 2-bromoisobutyrate, and the addition of 0.2 mol% of 2-methyl-1,4-

Scheme 39. ROP of ethylene oxide followed by transformation to a TEMPO-terminated mac-
roinitiator and the CRP of St [291]

Scheme 40. The anionic polymerization of St followed by the ROP of D3, transformation to an
ATRP initiator and the CRP of MMA [234]
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naphthoquinone relative to the concentration of pDMS, resulted in a function-
ality of >0.9 [234]. Use of this macroinitiator for the polymerization of nBA pro-
ceeded with little termination and with a linear increase in the molecular weight
with monomer conversion. The polydispersities were Mw/Mn < 1.2. The GPC
traces also indicated that the chain end functionality was maintained through-
out the polymerization. ABC triblock copolymers were also prepared. Living an-
ionic pSt was chain extended with D3, followed by incorporation of the ATRP in-
itiator. The ATRP of both nBA and MMA was carried out and the molecular
weight of the macroinitiator increased from Mn=7900 to Mn=10,200 and 10,100,
respectively, as shown in Scheme 40 and Fig. 36. The molecular weight distribu-
tion remained narrow [234].

3.2.2.5
CRP and ROMP

Matyjaszewski et al. demonstrated that living ring opening metathesis polymer-
ization (ROMP) could also be combined with ATRP to produce novel block co-
polymers [292]. ROMP of norbornene (NB) and dicyclopentadiene (CPD) were
performed using an Mo-alkylidene complex, followed by reaction with p-(bro-
momethyl) benzaldehyde to generate a benzyl bromide terminated polymer ca-
pable of being used as a macroinitiator for ATRP (Scheme 41).

The homogeneous ATRP of St and MA were carried out using the CuBr/dNb-
py catalyst system and the macroinitiators [292]. The block copolymers, pNB-b-

10
3

10
4

10
5

pSt

pSt-b-pDMS-H

pSt-b-pDMS-iBuBr

pSt-b-pDMS-b-pnBA

pSt-b-pDMS-b-pMMA

MW

Fig. 36. GPC chromatograms of ABC triblock copolymers of pSt-b-pDMS-b-pMMA and pSt-
b-pDMS-b-pnBA using hydrosilation and ATRP. Reprinted with permission from [234]. Cop-
yright (1999) American Chemical Society.
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pSt, pNB-b-pMA, pCPD-b-pSt, and pCPD-b-pMA were well-defined with pre-
dictable molecular weights and narrow molecular weight distributions,
Mw/Mn <1.4. The GPC traces showed a clean shift of the distributions to higher
molecular weights, indicating good chain end functionality [292]. For example,
polymerization of styrene and methyl acrylate from a PNB macroinitiator (Mn=
30,500, Mw/Mn=1.09) yielded pNB-b-pSt with Mn=110,400, Mw/Mn=1.06 (cf.
Fig.37) and pNB-b-pMA with Mn=85,100, Mw/Mn=1.07. In all of the polymeri-
zations two glass transition temperatures were observed, indicating microphase
separation of the two block segments.

Grubbs et al. prepared telechelic pBD through ROMP of cyclooctadiene in the
presence of a chain transfer agent that impartedd either allyl chloride or 2-
bromopropionate groups onto the chain ends, forming polymers that were ca-
pable of initiating ATRP and producing ABA triblock copolymers [293]. 1H and
13C NMR characterization showed the pBD had a perfect 1,4-microstructure. In
the presence of a CuCl/bpy catalyst, the pBD (Mn=2400, Mw/Mn=1.59) was used
as a macroinitiator for the ATRP of St. The molecular weights of the polymers
were predictable (Mn=4800–13,800) with relatively narrow molecular weight
distributions (Mw/Mn<1.55). Narrower molecular weight distributions were ob-
tained using catalysts based on the more soluble 4,4¢-diheptyl-2,2¢-bipyridine
ligand (Mw/Mn=1.25) [293]. The ATRP reaction was also carried out using a one-
pot technique. After quenching the ROMP with ethyl vinyl ether, St, phenyl
ether, bpy, Cu(0) [242] and CuBr2 were added to the flask, which was heated to
130 °C for 7 h. The resulting ABA block copolymer had Mn=8000 with Mw/Mn=
1.63. While the Cl-based system was useful for the ATRP of St, the ATRP of MMA
was not as successful. The GPC traces were bimodal, which resulted from the

Scheme 41. ROMP of norbornene followed by transformation to an ATRP macroinitiator
[292]
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mismatch between the rate constants of cross-propagation and polymerization.
Using a bromine-terminated macroinitiator (Mn=5500, Mw/Mn=1.58) in the
presence of the CuCl/bpy catalyst to invoke halogen exchange [175], on the other
hand, produced well-defined block copolymers with Mn=4700 to 41700 and
Mw/Mn<1.7. 

3.2.3
Summary

Numerous examples exist of combining CRP methods with other polymeriza-
tion techniques for preparation of block copolymers. Non-living polymerization
methods like condensation, free-radical, and redox processes can easily be com-
bined with CRP to produce novel materials. Transformation chemistry may be
the only route to incorporate polymers like polysulfones (as described above),
polyesters, or polyamides that are prepared solely through condensation proc-
esses into subsequent CRP to form block copolymers with vinyl monomers. The
same can be said of polymers prepared through coupling techniques, like po-
ly(phenylenevinylene) and poly(methylphenylsilylene), which can maintain
their conductive or photoluminescence properties, but become easier to process

18 19 20 21 22 23 24 25 26

Elution Volume

PNBPNB-b-PSt

Fig. 37. GPC traces for pNB-b-pSt (Mn=110,400, Mw/Mn=1.06) prepared via a transformation
of ROMP to ATRP. Reprinted with permission from [292]. Copyright (1997) American
Chemical Society.
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as part of a well-defined block copolymer. Table 8 summarizes the above discus-
sion section on this topic.

CRP methods may also be combined with ionic polymerization methods and
the polymers may not require any type of transformation chemistry before their
use as macroinitiators. For example, pSt prepared cationically and having chlo-

Table 8. Summary of block copolymers from a combination of non-living and CRP polymer-
ization techniques

Methods Monomers Comments Investigator

Condensation/ATRP p(Sulfone)/St or 
nBA

Two Tgs present Gaynor and Matyjas-
zewski [223]

Coupling/ATRP MPSi/St Mixture of AB and ABA 
chains

Jones et al. [240]

Coupling/ATRP Oligophenylenes/St Mn=7900–20,600, 
Mw/Mn=1.17–2.15

Kallitsis et al. [241]

Condensation/nitroxide PV/St Mn=9000 Hadziioannou et al. 
[243]

Radical/nitroxide IP/St ABA block copolymers Priddy et al. [244]
Radical/nitroxide PDMS/St, then 

AcOSt
Mn=135,000, Mw/
Mn=1.43

Yoshida and Tanimoto 
[245]

Radical/ATRP VA/St Mn=91,600, Mw/
Mn=1.80

Matyjaszewski et al. 
[246]

ATRP/radical nBA/VA Low blocking efficiency 
only about 50%

Matyjaszewski et al. 
[246]

Redox/ATRP VA/St Mn=24,300, Mw/
Mn=1.42

Matyjaszewski et al. 
[246]

ATRP/redox nBA/VA Mn=4450, Mw/Mn=2.58 Matyjaszewski et al. 
[246]

Telomerization/ATRP VA/St Mn~8000, Mw/Mn<1.5 Boutevin et al. [247]
Radical/ATRP nBA/St Mn=22,620, Mw/

Mn=1.66
Destarac and Boutevin 
[248]

Telomerization/ATRP VDF/St Mn=37,360, Mw/
Mn=1.65

Ying et al. [249]

ATRP/electropolym MMA/pyrrole Mn=15000–28000 
Mw/Mn=1.18–1.14

Yagci et al. [251]

Dendrimer/nitroxide Polyether/St Mn=14,000–91,000 and 
Mw/Mn=1.14–1.42

Frechet et al. [252]

Dendrimer/ATRP Polyether/St Single Tg, two blocks 
miscible

Frechet et al. [252]

Dendrimer/nitroxide Polyether/St ABA “dumbbell”, 
not pure ABA

Frechet et al. [255]

Dendrimer/ATRP Carbosilane/MMA 4–12 Sites, Mn=
13,900–33,000, Mw/
Mn=1.18–1.29

Haddleton et al. [256]

Hyperbranched/ATRP Glycerol/MA 71–86% ATRP 
functional, Mw/Mn<2.5

Frey et al. [268]
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Table 9. Block copolymers prepared from a combination of ionic (+=cationic, –=anionic) and
CRP polymerization techniques

Methods Monomers Comments Investigator

+/ATRP St/St, MMA, MA Mn=5080–11,090, 
Mw/Mn=1.10–1.57

Coca and Matyjaszewski 
[222]

+/ATRP IB/St, MMA, MA, 
IA

difunctional, 
Mn=28,800–33,500, 
Mw/Mn=1.14–1.47

Coca and Matyjaszewski 
[269]

+ ROP/nitroxide THF/St AB and ABA (counter 
radical), 
Mw/Mn=1.22–1.40

Yoshida and Sugita [271, 
272]

+ ROP/nitroxide THF/St Unimolecular initiator Yagci et al. [273]

+ ROP/ATRP THF/St, MA, 
MMA

AB and ABA, 
Mn=24900 – 35000, 
Mw/Mn>1.5

Kajiwara and Matyjaszewski 
[274]

ATRP/+ ROP St/THF, MO Lower Mn pSt gave 
higher blocking eff.

Ying et al. [277]

ATRP/+ ROP St/THF Mn=9420–32,980, 
Mw/Mn<1.45

Xu and Pan [279]

ATRP/+ ROP St/DOP Mn=17,540 
(Mw/Mn=1.43) and Mn=
30,880 (Mw/Mn=1.46)

Pan et al. [280]

Photosensitized+/
nitroxide

CHO/St Mn=3200 to 40,000, 
Mw/Mn=1.5

Yagci et al. [281]

–/nitroxide BD/St Mw/Mn, block=1.22, 
Mn pSt=12,000, 
Mw/Mn=1.18

Priddy et al. [282]

–/nitroxide BD/St Inefficient blocking Miura et al. [283]

–/ATRP St/St, MMA, 
MA, nBA

Mw/Mn<1.2 Acar and Matyjaszewski 
[284]

–/ATRP St-IP/St ABA, side reaction with 
unsaturations

Acar and Matyjaszewski 
[284]

–/ATRP St/St, nBA, MMA Chlorine chain ends, 
only MMA efficient

Ying et al. [289]

–/ATRP IP/St Fluorescent dye junction Winnik et al. [238]

–ROP/nitroxide CL/St Counter radical, 
Mn=19,900–26,200, 
Mw/Mn=1.37–1.42

Yoshida and Osagawa  [290]

–ROP/nitroxide EO/St Capping efficiency 
<90%, Mw/Mn <1.5

Huang et al. [291]

–ROP/ATRP St then PDMS/
nBA, MMA

Mn=10,200 and 10,100 Miller and Matyjaszewski 
[234]

ROMP/ATRP CPD, NB/St, MA Mw/Mn<1.4 Matyjaszewski et al. [292]

ROMP/ATRP BD/St ABA blocks, 
Mn=4800–13800, 
Mw/Mn<1.55

Grubbs et al. [293]
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rine chain ends was used for the ATRP of various monomers without the need
for any transformation reaction (Table 9, entry 1) pIB, a polymer that has a very
low Tg, can also be polymerized cationically, end-capped, and directly used for
ATRP to prepare thermoplastic elastomers when combined with monomers that
form higher Tg polymers (Table 9, entry 2). Both cationic and anionic methods
have been used extensively for ring-opening polymerizations, which, when ter-
minated with a protic substance, generally results in polymers with hydroxy
chain ends that are easily modified into CRP initiators/counter radicals. This has
been demonstrated with polymers prepared from THF, ethylene oxide, oxazo-
lines, caprolactone, and dimethylsiloxane, as detailed in Table 9. While diene-
based monomers prepared using free radical chemistry can be modified to form
macroinitiators, the polymers are ill-defined. Well-defined pBD has been pre-
pared by anionic methods, which was then transformed into macroinitiators for
CRP. ROMP has also been combined with CRP methods to produce well-defined
block copolymers. Table 9 contains details about the synthesis of all these types
of block copolymers.
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by Controlled/Living Radical Polymerizations

4
Other Chain Architectures

4.1
Graft Copolymers

There are three general methods for preparing graft copolymers: grafting onto,
grafting through, and grafting from. Grafting onto requires the presence of com-
plimentary functionalities on the graft unit and the backbone. Grafting through
utilizes macromonomers, which are polymer chains that contain a copolymer-
izable moiety at the chain end. Homo- or copolymerization with another mon-
omer produces the graft copolymer. The grafting from technique employs a
backbone containing reactive sites that are capable of initiating a polymeriza-
tion. Each method suffers from its own particular disadvantages, but steric hin-
drance of the reactive center is common to all the graft copolymer routes, affect-
ing the grafting efficiency. Figure 38 illustrates the three approaches. The least
utilized in CRP is perhaps the grafting onto approach, while grafting through
and grafting from are common. These will be detailed below.

Y+ n

grafting onto

grafting from

+ monomer

grafting through

initiator + (comonomer) + 
n

X X X X

X X X X X X X X
Y Y Y Y

X X X X

Fig. 38. Illustration of different methods of preparing graft copolymers

Advances in Polymer Science, Vol. 159
© Springer-Verlag Berlin Heidelberg 2002
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4.1.1
Grafting From

After establishing that a unimolecular TEMPO-based initiator successfully con-
trolled the polymerization of St [62], Hawker et al. used the grafting from ap-
proach to demonstrate that graft copolymers were possible using CRP tech-
niques [294]. The multifunctional macroinitiator was prepared by copolymeriz-
ing St with a vinyl benzyl TEMPO derivative free radically using AIBN at 60 °C.
The macroinitiator was heated to 130 °C in the presence of more St, which acti-
vated the TEMPO bond, which led to the preparation of a graft copolymer. The
molecular weight of the polymer increased from Mn=12,000 (Mw/Mn=1.86) to
Mn=86,000 (Mw/Mn=2.01) and, after cleavage of the grafted side chains, analysis
of the graft units gave Mn=23,000 with Mw/Mn=1.26, in good agreement with the
expected value of 21,000 [294].

Expanding on this idea, Hawker et al. copolymerized an alkene functional-
ized TEMPO derivative with propylene or 4-methylpentene using a cationic met-
allocene compound to prepare an a-olefin based macroinitiator for graft copol-
ymerization (Mn=28,000, Mw/Mn=1.80 or Mn=6080, Mw/Mn=1.65) (Scheme 42)
[295]. Heating the propylene-based copolymer to 123 °C in the presence of 200
equivalents of St increased its molecular weight to Mn=210,000 with Mw/Mn=

Scheme 42. Copolymerization of propylene and an alkene-functional TEMPO moiety fol-
lowed by CRP of St to produce a graft copolymer [295]
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2.0. The final molecular weights of the graft copolymers were dependent on the
concentration of St added to the reaction. After cleavage, the molecular weight
of the graft units ranged from Mn=8000 to Mn=75,000 with narrow molecular
weight distributions (Mw/Mn<1.43) [295]. Chain extension of one of the graft
copolymers with AcOSt resulted in an increase in molecular weight from Mn=
43,000 (Mw/Mn=1.70) to Mn=130,000 (Mw/Mn=1.95). Chain extension with mix-
tures of St and BA (2:1) or St with MMA (3:1) were also successful. This indicated
that the grafting procedure was well controlled and high chain end functionality
was maintained throughout the reaction [295].

Shimada et al. later showed that commercially available polypropylene (pP)
could be used as a macroinitiator for graft copolymerization once it had been
functionalized with TEMPO moieties [296]. The pP was subjected to g-irradia-
tion, which formed peroxides in the chain that can cleave homolytically upon
heating and generate radicals. These radicals were used for initiating the CRP of
St in the presence of TEMPO. Using this method, however, a large amount of
TEMPO must be added to control the polymerization, resulting in an excess of
free TEMPO relative to the concentration of peroxide radicals in the system
[296]. This excess was consumed by thermally initiated pSt chains, which result-
ed in a reliable probe of the molecular weight of the grafted units via analysis of
the free chains, since the molecular weights of the free chains was controlled by
the excess TEMPO. The experimental molecular weights of the grafted chains, as
calculated from the weight of the grafted polymer divided by moles of peroxide
units per gram of polymer, was in good agreement with the experimental mo-
lecular weights found for the free chains, suggesting that the grafted chains were
formed in a controlled manner [296].

The grafting from technique can also provide a route to graft copolymers via
ATRP. Matyjaszewski et al. used a poly [(vinyl chloride)-co-(vinyl chloroace-
tate)] copolymer, containing about 1% of the chloroacetate groups, to initiate
the ATRP of St, MA, nBA, and MMA, resulting in graft copolymers with well-de-
fined graft units(Scheme 43) [297].

1H NMR analysis showed that the molecular weight of the macroinitiator in-
creased substantially with each ATRP graft copolymerization (Mn=47,400 to

Scheme 43. Poly(vinyl chloride) graft copolymers via ATRP [297]
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Mn=112,700–363,000) and that the mole percent of the grafted monomer ranged
from 50–80% in the copolymer, because GPC analysis was not useful for deter-
mining the molecular weight of the copolymers [297]. A detailed analysis of the
ATRP of nBA using 1H NMR and FT-IR spectroscopies showed that with increas-
ing reaction time, the mole percent of nBA in the copolymer increased and the
Tg decreased. This work demonstrated that commercially available macroinitia-
tors can be used to prepare graft copolymers via ATRP. In a similar way, grafting
was performed from the defects in pVC by Percec et al. [298].

Sen et al. used either polyethylene or an ethylene styrene copolymer which
was brominated using N-bromosuccinimide. The brominated polymers acted as
initiators in the presence of a CuBr/PMDETA catalyst for the subsequent graft-
ing of acrylic monomers. In similar studies, syndiotactic pSt-g-pMMA, syndio-
tactic pSt-g-pMA, and syndiotactic pSt-g-atactic pSt were synthesized by ATRP
using brominated syndiotactic pSt as the initiator and the CuBr/PMDETA cata-
lyst. Both the graft density and the MW of the graft segments were controlled by
changing the bromine content of syndiotactic pSt and the amount of monomer
used in the grafting reaction. The ATRP mechanism for grafting was supported
by NMR analysis of the end groups. The thermal properties of the graft copoly-
mers depended on both the graft density and the graft length [299].

Fónagy et al. used a commercially available polymer, poly(isobutylene-co-p-
methylstyrene-co-p-bromomethylstyrene), as a macroinitiator for the ATRP of
St to produce a graft copolymer [300]. After 23 h at 100 °C, with 1 equivalent of
catalyst relative to the number of moles of initiator, monomer conversion was
81%; however, increasing the concentration of catalyst fivefold resulted in the
same efficiency after only 11 h. They found no evidence of unreacted macroini-
tiator in the GPC analysis, indicating that nearly all of the chains had contained
some grafted sites. Results from mechanical analysis showed that when the
weight percentage of St was high (28 wt%), the graft copolymer exhibited no
special properties; however, with only 6 wt% pSt, the polymer was elastomeric
and could be reversibly stretched to 500% of its initial dimension [300].

Matyjaszewski et al. demonstrated that the grafting of St and MMA using a
similar backbone is better controlled by applying the halogen exchange, as
shown schematically in Fig .39 [130, 301].

Mechanical and viscoelastic properties depend strongly on the morphologies
of the samples, which are defined by the proportion of the hard and soft segments
as well as by the uniformity of the hard pMMA grafts, as illustrated in Fig.40 [301].

Pan et al. prepared a macroinitiator by chloromethylation of a commercially
available AB block copolymer of poly (styrene-b-ethylene-co-propylene) (SEP)
and used it as a macroinitiator for the ATRP of ethyl methacrylate (EMA) [302].
The kinetic plot showed little evidence of termination during the reaction and
the molecular weight of the graft copolymer increased linearly with the mono-
mer conversion, resulting in a final Mn=73,200 and Mw/Mn=1.22. The weight ra-
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tio of pEMA to pSEP was 5.95:1 and DSC analysis showed the presence of three
Tgs at- 46, 78, and 103 °C, corresponding to the EP, EMA, and St segments, re-
spectively [302].

A commercially available poly (ethylene-co-glycidyl methacrylate) (p(E-co-
GMA)) polymer was transformed into an ATRP macroinitiator by Matyjaszews-
ki et al. [303] by reacting the p(E-co-GMA) with either 2-bromoisobutyric acid
or chloroacetic acid to prepare the functional backbone. The resulting polymer
was used as a macroinitator for ATRP of St and MMA (Scheme 44). The con-
sumption of both monomers increased with time, as did the weight percentages
of the side chains in the copolymer. GPC analysis of the cleaved pSt side chains
showed a linear increase of molecular weight with monomer conversion and
Mw/Mn<1.4 [303]. ATRP has also been used in the grafting through process us-
ing hyperbranched polyethylene macromonomers with methacrylate function-
ality prepared by the living Pd-mediated process [304].

Inorganic macroinitiators can also be used for graft copolymerizations. Pen-
dant vinyl functional pDMS was subjected to hydrosilation with 2-(4-chlorometh-
ylphenyl)ethyldimethylsilane to prepare a multifunctional ATRP macroinitiator
by Matyjaszewski et al. [233, 234]. The ATRP of St was carried out using a pDMS
macroinitiator with Mn=6600 and Mw/Mn=1.76 to yield a graft copolymer with
Mn=14,800 and Mw/Mn=2.10. The increased polydispersity was attributed to the
variation in the number of initiating sites on the pDMS backbone. 1H NMR anal-
ysis showed that less than 5% of the total number of benzyl chloride moieties were
left unreacted and that the weight ratio of pSt/pDMS was 1.18 [234].

Scheme of graft copolymers

With halogen exchange
(using CuCl)

Without halogen exchange
(using CuBr)

High conversion

Expt. No. 4a Expt. No. 6a

Low conversion

Expt. No. 5a Expt. No. 7
a
 

 aExperiment number refers to Figures 40 a and b 

Fig. 39. Schemes for graft copolymers prepared from functionalized pIB
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Fig. 40a,b. Viscoelastic properties of the pIB-g-pMMA with different compositions: The sam-
ples from Expt. No. 4, 5, 6 and 7 (description can be found in Fig.39) in comparison with non-
modified linear pIB and pMMA (a) and SAXS intensity distributions recorder for the same
samples (b). Reprinted with permission from [301]. Copyright (2001) John Wiley & Sons, Inc.

Scheme 44. Preparation of p(E-co-GMA) ATRP macroinitiator [303]
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Frechet et al. combined ATRP with nitroxide-mediated polymerizations to
prepare graft and dendritic-type graft copolymers [305]. Copolymerizing St
with p-(4¢-chloromethylbenzyloxymethyl)styrene using a unimolecular TEM-
PO initiator resulted in a controlled polymerization producing a well-defined
backbone. Subsequent ATRP of MMA, nBMA, or St using CuBr and various bpy
ligands as the catalyst system provided the graft copolymers in relatively high
yield with high molecular weights and fairly narrow molecular weight distribu-
tions (Scheme 45).

The use of alkyl-substituted bpy ligands in the formation of the catalyst com-
plexes led to more well-defined polymers than when the unsubstituted bpy lig-
and was used [305]. The side chains of a pSt graft copolymer were cleaved with
trimethylsilyl iodide and GPC analysis confirmed the controlled nature of the
grafting reaction (Mn=15,000, Mw/Mn=1.29). By using a series of polymeriza-
tions, a dendrigraft copolymer was produced containing an initial pSt backbone,
with pSt graft units containing pnBMA grafts. GPC analysis showed clean chain
extension at each step, with little unreacted macroinitiator; however, the values
obtained were lower than the theoretical predications. Higher molecular weights
were obtained using a light scattering detector; these values were as expected.
Thermal analysis showed the presence of two Tgs (30 °C (pnBMA) and 100 °C
(pSt)), indicating that the dendrigraft polymer had been formed [305].

Scheme 45. Preparation of pSt-g-pMMA by tandem nitroxide-ATRP CRP methods [305]
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Liu et al. copolymerized TEMPO functional methacrylate- and St-based mon-
omers with MMA and St, respectively, using ATRP conditions [306]. The result-
ing backbone copolymers were relatively well-defined (Mn=6200–8700 with
Mw/Mn<1.65) and were used to initiate the polymerization of St at 120 °C for 24
h, apparently resulting in the graft copolymers [306]. No characterization data
for the graft copolymers was provided.

The field of densely grafted copolymers has received considerable attention in
recent years. The materials (also called bottle-brush copolymers) contain a
grafted chain at each repeat unit of the polymer backbone. As a result, the mac-
romolecules adopt a more elongated conformation. Examples of brush copoly-
mers have been provided within the context of ATRP [307–309]. Synthesis of the
macroinitiator was achieved through one of two approaches. One method used
conventional radical polymerization of 2-(2-bromopropionyloxy)ethyl acrylate
in the presence of CBr4 to produce a macroinitiator with Mn=27,300, and a high
polydispersity of Mw/Mn=2.3 (Scheme 46A) The alternative involved the ATRP
of 2-trimethylsilyloxyethyl methacrylate followed by esterification of the pro-
tected alcohol with 2-bromopropionyl bromide. While synthetically more chal-
lenging, the latter method provided a macroinitiator of well-defined structure

Scheme 46 A,B. Synthesis of densely grafted brush copolymers via: A a conventional radical po-
lymerization followed by ATRP; B wholly by ATRP [307]
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(Mn=55,500, Mw/Mn<1.3) leading to a brush synthesized entirely by a controlled
process (Scheme 46B). From either macroinitiator, the ATRP of St and nBA was
conducted, leading to the desired densely grafted structures. The grafting reac-
tions were found to be very sensitive to reaction conditions; additional deactiva-
tor, high concentrations of monomer, and reduced temperatures were all neces-
sary to produce the desired materials.

Since the aspect ratio and size of the macromolecules were so large, individ-
ual chains were observed by Atomic Force Microscopy (AFM) [307]. The brushes
with pSt side chains form elongated structures on a mica surface with an average
length of 100 nm, a width of 10 nm, and a height of 3 nm. pnBA absorbs well onto
the mica surface and forms spectacular single molecule brushes in which the
backbone and side chains can be visualized using tapping mode AFM [310].
Their shape depends on molecular structure and can be affected by applying
pressure to these molecules [311]. They also exhibit very interesting properties
in the bulk state [312].

Similarly, core-shell cylindrical brushes were prepared via block copolymeri-
zation [308, 313]. They consist of the soft pnBA cores and hard pSt shells [308].
The high resolution AFM micrographs of the block copolymer pBPEM-g-(pnBA-
b-pSt) brushes shows a necklace morphology. The synthesis of well-defined
brush block copolymers demonstrates the synthetic power of ATRP. It was used
to create a well-defined backbone with a degree of polymerization of ~500, which
was followed by a transesterification and the subsequent grafting of pnBA chains
using ATRP. A final chain extension with St produced the block copolymers.

Doerffler and Patten have recently described a similar methodology for the
formation of a less densely packed backbone where grafted polymers (macro-
molecules derived from only one monomer) were prepared strictly by ATRP
[125]. The copolymerization of 4-acetoxymethyl- or 4-methoxymethylstyrene
with styrene yielded a pendant functional macroinitiator with “latent initiation
sites”. Transformation of the ester or ether to benzyl bromide substituents pro-
vided the alkyl halide necessary for the grafting reactions. The increased poly-
dispersities observed above 20% monomer conversion were attributed to inter-
nal coupling reactions between the grafted chains.

Kops et al. used cationic polymerization to produce a polyisobutylene-b-p(p-
methoxystyrene) central block, which was then brominated to yield an ATRP
macroinitiator (Mn=71,000, Mw/Mn=1.21) [314]. The extent of bromination was
44%, resulting in an initiating site at every fourth repeat unit. The ATRP of St was
carried out using the CuBr/bpy catalyst system. The polymerization reached
14% monomer conversion after 4 h with a final Mn=244,000 and Mw/Mn=1.97.
GPC using a light scattering detector showed the presence of a small fraction of
high molecular weight polymer from termination by coupling. The ATRP of ac-
etoxystyrene was more controlled (Mw/Mn=1.68) and no coupling products
were observed [314].
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There have been many examples in the literature of using a grafting from
technique to obtain novel polymers and this method has proven to be robust and
useful under a variety of reaction conditions. Table 10 summarizes the examples
discussed in the above section.

Table 10. Examples of “grafting from” using CRP methods

Backbone Grafts Methods Comments Investigator

pSt St FRP/nitroxide Mn ≠ 12,000Æ 86,000 Hawker [372]

p(a-olefin) St Metallocene/ni-
troxide

Mn ≠, block copolymer side 
chains produced

Hawker et al. [295]

PP St Commercial/ni-
troxide

Contamination with thermally 
initiated pSt

Shimada et al. 
[296]

pVA St Commer-
cial/ATRP

Mn=363,000, 80mol% pSt Matyjaszewski et al. 
[297]

pVA MA Commer-
cial/ATRP

Mn=123,000, 50mol% p(MA) Matyjaszewski et al. 
[297]

pVA nBA Commer-
cial/ATRP

Mn=227,000, 65mol% p(nBA) Matyjaszewski et al. 
[297]

pVA MMA Commer-
cial/ATRP

Mn=162,000, 60mol% p(MMA) Matyjaszewski et al. 
[297]

p(IB-co-St) St Commer-
cial/ATRP

81% grafting efficiency, 
6–28wt% pSt

Fónagy et al. [300]

p(SEP) EMA Commer-
cial/ATRP

Wt ratio EMA:St=5.95:1, 
Tg= –46, 78, 103

Pan et al. [302]

p(ethylene) St Commer-
cial/ATRP

69wt% pSt, linear increase 
of graft MW with conversion

Matyjaszewski et al. 
[303]

p(ethylene) MMA Commer-
cial/ATRP

80wt% p(MMA), 2 Tgs, 
phase separation

Matyjaszewski et al. 
[303]

pDMS St Commer-
cial/ATRP

Mn ≠ 6600Æ14,800, >95% 
grafting efficiency

Miller and Matyjas-
zewski [234]

pSt MMA Nitroxide/ATRP Mn=119,000–141,000, Mw/
Mn=1.19–1.79

Grubbs et al. [305]

pSt nBMA Nitroxide/ATRP Mn=47,000–147,000, Mw/
Mn=1.27–1.53

Grubbs et al. [305]

pSt St Nitroxide/ATRP Mn=30,000–115,000, Mw/
Mn=1.14–1.26

Grubbs et al. [305]

pMMA St ATRP/nitroxide No characterization Liu et al. [306]
pSt St ATRP/nitroxide No characterization Liu et al. [306]
pMMA nBA ATRP/ATRP Graft unit at every other 

carbon
Matyjaszewski et al. 
[307]
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4.1.2
Grafting Through

The grafting through technique can also be used to prepare graft copolymers.
Hawker et al. demonstrated that copolymerizing preformed macromonomers
(MMs) with St using a unimolecular TEMPO initiator produced controlled graft
copolymers [315]. This approach allows incorporation of graft units derived
from monomers that may not be polymerizable directly by CRP methods, but af-
ter suitable terminal functionalization can be incorporated as macromonomers.
Well-defined (meth)acrylate terminated MMs composed of polycaprolactone
(CL), poly(D, L)lactide, poly(ethylene glycol) and polyethylene, ranging in mo-
lecular weight from Mn=800 to Mn=8900, were copolymerized with St to pro-
duce graft copolymers. Specifically, when a pCL MM (Mn=2500, Mw/Mn=1.25)
was copolymerized with St, the resulting graft copolymer had Mn=45,000 with
Mw/Mn=1.35. The weight ratio of pCL determined from 1H NMR was 28%, in
good agreement with the feed ratio of 25 wt% [315]. Analysis of the copolymer
backbone from a polymer where the graft units had been cleaved showed that
the experimental molecular weight (Mn=37,500) was close to that predicted the-
oretically (Mn=43,000), illustrating that the reaction forming of the graft copol-
ymer was well-controlled [315].

Similarly, Wang and Huang copolymerized St with a methacrylate-terminat-
ed pEO MM in the presence of AIBN/HTEMPO to prepare graft copolymers
(Scheme 47) [316]. They found that the molecular weight of the copolymer in-
creased with increasing reaction time and total monomer conversion, with
Mw/Mn<1.35; however, the initial rate of polymerization decreased with increas-
ing total monomer conversion, which was attributed to the increase in viscosity
of the reaction medium at higher conversions. As the concentration of HTEMPO
in the system increased, the molecular weight of the copolymer decreased and
the molecular weight distribution narrowed, indicating that the HTEMPO con-
trols the polymerization, as expected. The authors determined that, as the mo-

Scheme 47. Copolymerization of St with methacryloyl-terminated PEO to prepare well-de-
fined graft copolymers [316]
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lecular weight of the pEO MM increased, the reactivity ratio decreased, leading
to less efficient incorporation [316]. Little polymer was produced when
homopolymerization of the MMs was attempted, suggesting that incorporation
into a polymer would also be feed dependent. An additional reason behind this
behavior, although not addressed by the authors, is that homopolymerization of
methacrylate MMs using the TEMPO-based systems would encounter the same
problem that homopolymerization of low molecular weight methacrylate mon-
omers does; the rate of decomposition of the end group competes with the acti-
vation process, leading to poorly controlled polymerizations.

Matyjaszewski et al. showed that ATRP can also be used to make well-defined
MM graft units [317]. The ATRP of St was carried out using a vinyl chloroacetate
initiator, which does not copolymerize with St under ATRP conditions, resulting
in preparation of a well-defined MM (Mn=5800, 11,900, and 15,900, Mw/Mn=
1.12, 1.15, and 1.18). These MMs were copolymerized with N-vinyl pyrrolidi-
none (NVP) in a free radical polymerization to produce a graft copolymer
(Scheme 48) [317]. The monomer feed ratio was varied from 10 to 50 wt% of
NVP. Incorporation of the pSt MMs was both molecular weight and feed ratio
dependent; as the molecular weight increased, the amount incorporated de-
creased and as the content of MM in the feed increased, the degree of incorpo-
ration decreased. There was little incorporation of the highest molecular weight
MM. Both of these effects were attributed to an inaccessibility of the terminal vi-
nyl bond, whether due to heterogeneity in the reaction medium or to steric hin-
drance that prevents the active site from approaching [317]. These graft copoly-
mers swelled in water since the pNVP backbone is water-soluble while the pSt
grafts are not, producing a hydrogel. Under equilibrium conditions the water
content ranged from 74 to 97%, indicating that these copolymers may be useful
as efficient absorbants [317].

Müller et al. used the MM technique to synthesize graft copolymers [318].
They copolymerized nBA with an w-methacryloyl-pMMA MM both via a con-
ventional radical process and an ATRP reaction. Although the MM was con-

Scheme 48. Preparation of pNVP-g-pS by combining ATRP with a conventional radical
process [317]
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sumed faster than the nBA due to the higher reactivity of the methacryloyl chain
end in the conventional radical process, the reactivity ratio for the MM was sig-
nificantly lower than for the small molecule analog, MMA (r1=1.6 vs 3.3) [318].
The rate of incorporation of the MM also decreased with increasing monomer
conversion, as well as with increasing total monomers concentration, which was
attributed to a decrease in the mobility of the MM in the reaction medium as the
viscosity increased. In contrast, the reactivity ratio for the MM in the ATRP sys-
tem was comparable to the reactivity ratio for MMA (r1=2.2 vs 2.6) and the mo-
lecular weight of the graft copolymer increased linearly with increasing mono-
mer conversion, indicating good control over the polymerization [318]. The en-
hanced reactivity of the MM in the ATRP system was attributed to the increase
in the length of time between monomer additions to the polymer chain in ATRP
vs a conventional process (~1 ms in conventional vs ~1 s in ATRP), which pro-
vides the MM with more time to reach the active center, lessening the effect of
diffusion control over the reaction. In addition, the authors found that the reac-
tivity ratios of the MM in ATRP were relatively unaffected by a change in the mo-
lecular weight of the MM or in the comonomer composition, at least up to
Mn<11,000 [318, 319].

The controlled growth is even more important for pDMS MMs, which are less
compatible with pMMA. Thus, w-methacryloyl pDMS MMs in ATRP had reac-
tivity ratios much closer to MMA than in a conventional process under similar
conditions (rPDMS=0.82 vs 0.34) [320]. The reactivity ratios depend on many fac-
tors, which include not only the polymerization mechanism but also the reac-
tion temperature, as presented in Table 11 and Fig. 41 [139, 320].

Table 11. Copolymerization of MMA and pDMS macromonomer (PDMS-MA) [320]

Polymerization type Initiator (I)b MMA/PDMS-
MAc/CDB/I 
molar ratio

Xylene 
wt%

Temp. °C r1
d 1/r1

RAFT BPO 285/15/1/0.5 31 75 1.4±0.06 0.67

AIBN 285/15/1/0.5 31 60 1.70±0.04 0.59

Conventional radical AIBN 380/20/0/1 32 75 2.98±0.09 0.34

ATRPa EBiB 285/15/0/1 31 75 1.37±0.10 0.73
EBiB 285/15/0/1 31 90 1.25±0.01 0.81
PDMS-Br 285/15/0/1 3 90 1.17±0.05 0.85

aEquimolar amount of CuCl [dnNbpy]2 to initiator was used as the catalyst
bBPO: benzoyl peroxide, AIBN: 2,2¢-azobisisobutyronitrile, EBiB: ethyl 2-bromoisobutyrate, pDMS-Br: 
pDMS macroinitiator containing 2-bromoisobutyrate end group (Mn=15,600, Mw/Mn=1.10, F=0.95)
cMMA/pDMS-MA composition in the feed: 95/5 (mol/mol), 45/55 (wt/wt). PDMS-MA: Mn=2370, 
Mw/Mn=1.25, F=1.0
dReactivity ratio of MMA determined by Jaacks plot
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A schematic representation of the distribution of grafts is shown in Fig. 42
and structure of macromonomers based on pDMS and pLA (see below) is in
Fig. 43 [320, 321].

The most uniform graft distributions were obtained at higher temperatures
and using pDMS macroinitiators, which compatibilize the growing chain and
prevent phase segregation. Figure 44 illustrates the graft copolymers obtained in
ATRP, RAFT, and a conventional RP and their mechanical properties. Graft co-
polymers with approximately the same MW (Mw=90,000) and the same overall
composition (50 wt% of pDMS) but different branch distributions of pDMS
grafts (Mw=2000) were prepared by three methods: ATRP (bottom Fig. 44),
RAFT (top), and conventional RP (middle). ATRP provides a very uniform dis-
tribution of grafts and RAFT yields a copolymer with a gradient structure,
whereas a conventional RP leads to copolymers with broad MWD and differenc-
es not only along the chain length but among different chains, since it is not a
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RAFT, 75 °C

Conv., 75 °C

ATRP, 75 °C

RAFT, 60 °C

M
w
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Total monomer conversion, %
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Fig. 41. Molecular weight distribution change for the copolymerization of MMA and pDMS
macromonomer (pDMS-MA) (Mn=2370, F=1.0) in xylene solution (xylene=31wt%). Con-
ditions for RAFT: [MMA]0/[pDMS-MA]0/[CDB]0/[initiator]0=285/15/1/0.5, initiator/tem-
perature: BPO/75°C (closed symbol), AIBN/60°C (open symbol). Conditions for the conven-
tional AIBN polymerization: [MMA]0/[pDMS-MA]0/[AIBN]0=380/20/1, temperature=
75°C. Conditions for the ATRP: [MMA]0/[pDMS-MA]0/[EBiB]0/[CuCl]0/[dnNbpy]0=
285/15/1/1/2, temperature=75°C. Reprinted with permission from [320]. Copyright (2001)
American Chemical Society.
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Fig. 42. Schematic representation of the types of graft copolymers resulting from the copoly-
merization of small molecules with pDMS macromonomers

C4H9 Si O

CH3

CH3

Si

n

CH3

CH3

O O
PDMS-macromonomer

(PDMS-MA)

S S

Cumyl dithiobenzoate

(CDB)

O O
O

O

O
H

n

O O
O

O

O
H

n

O O
O

O

O
H

n

Methacrylate-terminated PLA macromonomer

(M-PLLA, M-PDLLA)

Acrylate-terminated PLLA macromonomer

(A-PLLA)

Fig. 43. Structures of pDMS and pLLA macromonomers used to prepare graft copolymers
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living method. Depending on the method of preparation, graft copolymers have
dramatically different mechanical properties, which may also lead to variable
and adjustable surface properties [139]. As shown in Fig. 44, copolymers with
different branch distributions have very different tensile elongations at the
break point. Cold drawing of the graft copolymer prepared by ATRP at 25 °C
(broken line) leads to 280% tensile elongation, that prepared by RAFT (solid
line) a 30% tensile elongation, whereas the copolymer prepared by the conven-
tional radical process breaks at 115% elongation. This demonstrates the dramat-
ically different properties of the copolymers with the same overall composition.

Poly (lactic acid) (LA) macromonomers behave in a different way [321]. The
intrinsic reactivity of methacryloyl terminated pLA is higher than that of MMA,
whereas the acryloyl terminated pLA derivative is less reactive. They follow the
reactivities of the corresponding hydroxyethyl derivatives, as shown in Table 12.

pLA is miscible and compatible with pMMA. However, the frequency of addi-
tion of the MMs is still low, which affects the polydispersity of the graft copoly-
mers and the reactivity ratios, as shown in Table 12 and Figs. 45 and 46. Well-de-
fined graft copolymers with low polydispersities have been prepared, but the
graft distribution was unsymmetrical and showed a gradient for both acryloyl
and methacryloyl pLA derivatives. Apparently, simultaneous copolymerization
of both of them with MMA provides a uniform structure, as shown schematical-
ly in Fig.47 [321].

4.01.0 1.5 2.0 2.5 3.0 3.5

0

2

6

4

 RAFT

 FRP

 ATRP

drawn at 25°C

drawing rate = 1mm/min.

E~=200 MPa

S
tr

e
s
s
, 
[M

P
a

]

l

Fig. 44. Right: copolymers of pDMS methacrylate macromonomers with different branch dis-
tributions prepared by different methods: RAFT (top, solid line), FRP (middle, dotted line),
ATRP (bottom, broken line). Left: impact of branch distribution on mechanical properties
(stress vs draw ratio) [320]
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Table 12. Reactivity ratios for the copolymerization of MMA (M1) with comonomers (M2) 
[321]

M2 Polymerization system Solventh [M1]0, mol/l Temp. °C r1
i 1/r1

M-PLLAa ATRP DPE/xylene 2 90 0.57±0.02 1.75

M-PDLLAb ATRP DPE/xylene 2 90 0.68±0.17 1.47
HEMAc ATRP xylene 4 90 0.67±0.02 1.49
HEMAc Conventional (AIBN) (bulk) 9 80 0.75 1.33
EMAd Conventional (AIBN) dioxane 1 60 0.85±0.01 1.18
M-PLLAe Conventional (AIBN) dioxane 1 60 1.01±0.17 0.99
M-PLLAa Conventional (BPO) DPE/xylene 2 90 1.09±0.05 0.91
A-PLLAf ATRP DPE/xylene 2 90 1.63±0.10 0.61
HEAg ATRP xylene 2 90 1.57±0.07 0.64

aMethacrylate-terminated poly(L-lactic acid) macromonomer, Mn=2800
bMethacrylate-terminated poly(D,L-lactic acid) macromonomer, Mn=3350
c2-Hydroxyethyl methacrylate
d2-Acetoxyethyl methacrylate
eMethacrylate-terminated poly(L-lactic acid) macromonomer, Mn=4500
fAcrylate-terminated poly(L-lactic acid) macromonomer, Mn=2690
g2-Hydroxyethyl acrylate
hDPE: diphenyl ether
iDetermined by Jaacks method
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Fig. 45. GPC traces for the ATRP of MMA and M-pLLA (Mn=2800, Mw/Mn=1.16, F=1.0).
Conditions: [MMA]0/[M-pLLA]0/[EBiB]0/[CuCl]0/[dnNbpy]0=289.5/10.5/1/1/2, xylene=
21wt%, diphenyl ether=36wt%, 90°C, under N2 . Reprinted with permission from [321].
Copyright (2001) American Chemical Society.
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In a similar way, n-butyl acrylate was copolymerized by ATRP with methacr-
ylate macromonomers containing highly branched polyethylene prepared by
Pd-catalyzed living ethylene polymerization. The observed reactivity ratios de-
pend on the molecular weight and concentration of the macromonomer. The re-
sulting graft copolymers showed microphase separation by AFM [304].

Fukuda et al. took the MM method a step further and used ATRP to homopo-
lymerize an w-methacryloyl-poly (isobutyl vinyl ether) (IBVE) MM [309]. After
preparing the pIBVE-MM via a cationic process, they used ethyl 2-bromoisobu-
tyrate as the initiator and CuCl/4,4¢-diheptyl-2,2¢-bipyridine (dHbpy) as the cat-
alyst for the ATRP reaction. The MMs were well-defined with Mn=1600 to 5300
and Mw/Mn=1.04 to 1.07. The ATRP of a pIBVE-MM (Mn=1600, Mw/Mn=1.07) at
a 30:1 ratio of monomer:initiator was carried out in 50% diphenylether at 50 °C
and proceeded with little termination, reaching 90% MM conversion after 5 h
[309]. The rate of the polymerization was constant up until about 70% MM con-
version, then decreased slightly, which was attributed to the increased viscosity
of the reaction medium, as in the above MM examples. The molecular weights
of the graft copolymers increased linearly with conversion and the molecular
weight distributions remained narrow (Mw/Mn<1.2). Higher molecular weight
graft copolymers (DP≥100) could be prepared once the catalyst concentration
was increased, with the polymerizations reaching >85% MM conversion after 24
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Fig. 46. GPC traces for the conventional radical polymerization of MMA and M-pLLA (Mn=
2800, Mw/Mn=1.16, F=1.0). Conditions: [MMA]0/[M-pLLA]0/[BPO]0=289.5/10.5/1, xy-
lene=21wt%, diphenyl ether=36wt%, 90°C, under N2. Reprinted with permission from
[321]. Copyright (2001) American Chemical Society.
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A-PLLAMMA +
ATRP

A-PLLAMMA
ATRP

M-PLLA
MMA +

ATRP

A-PLLA

M-PLLA
MMA

ATRP

A-PLLA

MMA +
ATRP

M-PLLAMMA
ATRP

M-PLLA

MMA +
Conv. radical

M-PLLAMMA

Conv. radical

M-PLLA Polymer A

Polymer B

Polymer C

Polymer D

Fig. 47. Illustration of the growth of polymer chains using the MM method and various radical
polymerization techniques. Reprinted with permission from [320]. Copyright (2001) Ameri-
can Chemical Society.

Table 13. Graft copolymers prepared using “grafting through” and CRP methods

MM Comonomer Comments Investigator

PCL;pLA;pEG St pCL: Mn=2500; pSt-g-pCL: 
Mn=45,000; 28% pCL

Hawker et al. [315]
Matyjaszewski [321]

pEO St MW of pEO ≠, % incorporation Ø Wang and Huang [316]

pSt NVP MW of pSt≠, % incorporation Ø, 
hydrogels, H2O (eq)=74–97% 

Matyjaszewski et al. [317]

pMMA nBA r1 (pMMA)=2.2 in ATRP, close to 
MMA monomer

Müller et al. [318]

pIBVE – Mn=1600, DP=30, conv.=90%, 
t=5h; DP=100, conv.=85%, t=24
h; DP=200, conv.=87%, t=110h

Fukuda et al. [309]

pDMS MMA ATRP, RAFT Matyjaszewski [139, 320]
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h. At a DP=200, the polymerization took 110 h, but the MM conversion was 87%
with Mn=99,200 and Mw/Mn=1.19. The ATRP copolymerization of the higher
molecular weight MMs was also controlled; however, for the highest molecular
weight MM (Mn=46,000) at DP=30, the polymerization only reached 26% MM
conversion after 22 h, indicating that the rate of the polymerization was signifi-
cantly affected by the molecular weight of the MM [309].

There have been a significant number of literature reports that have utilized
the grafting through technique to prepare copolymers [322]. Unfortunately, this
technique has had some limitations. The maximum MM conversion is strongly
affected by the ability of the MM to diffuse toward the active center. Increasing
the time between monomers additions, which can be accomplished by using a
CRP process, has lessened this effect, but homopolymerizations of MMs is still
challenging due to viscosity effects. Table 13, in addition to Table 12 and Fig. 47,
summarize the attempts made at using CRP for grafting through reactions.

4.1.3
Grafting Onto

Hawker et al. explored the grafting onto technique to examine the steric effects
associated with coupling polyether dendrons to a functional backbone [323]. St
was copolymerized with N-oxysuccinimide 4-vinylbenzoate, which contained
an active ester moiety, using a phenylethyl-TEMPO derivative as a unimolecular
initiator, resulting in formation of copolymers with 10–40% of the active ester
moiety in the backbone and molecular weights ranging from Mn=43,000 to
65,000. Graft copolymers were prepared by dissolving the backbone and a slight
excess of the amino-functional dendrons in chloroform, then heating the mix-
ture to reflux for 12 h (Scheme 49). GPC analysis of the graft copolymer after
precipitation, which removed the excess dendron, showed that the molecular
weight increased significantly from that of the starting backbone, as well as from
that of the dendron, with no evidence of residual unreacted species. Although
GPC analysis gave qualitative information regarding the molecular weights, 1H
NMR was used to determine the weight percent of the dendrons as well as the
number of remaining ester functionalities in the backbone and from there the
actual molecular weights of the graft copolymers were calculated. These values
were significantly higher than those determined against linear pSt standards
and the deviation was larger for copolymers incorporating both larger dendrim-
ers and at higher weight percentages, as would be expected for this type of three-
dimensional shape [323]. After accurately determining the molecular weights,
the authors investigated the steric effects associated with the grafting onto ap-
proach. They found that even at high loading capacities (>90 wt% dendrimer),
the backbones containing 10–20% of the active esters were completely function-
alized. However, once the content of active esters increased to 30 and then to
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40%, there was significant steric hindrance, preventing the higher generation
dendrons (>G-3) from reacting with the backbone to form the graft copolymer
[323].

4.1.4
Grafting from Surfaces

4.1.4.1
Silicon and Gold

In a twist on the grafting from technique, investigators have begun to use CRP
methods to grow polymers off functionalized surfaces [181]. Both nitroxide me-
diated polymerization and ATRP have been used for this purpose. In 1998, Wirth
et al. used ATRP to grow acrylamide off the surface of silica capillaries function-
alized with benzyl chloride moieties to prepare coatings for capillary electro-
phoresis [324]. After covalently attaching the benzyl chloride initiating sites to
the silica surface, the ATRP of acrylamide was carried out using the CuCl/bpy
catalyst in 50% DMF solution at 130 °C over 40 h, with and without cross-linker
present. AFM analysis of the films prepared using the surface bound initiator
showed that they were much more uniform than films prepared by solution po-

Scheme 49. Synthesis of graft copolymers containing dendrimers via a “grafting to” approach
[323]
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lymerization of the monomers and simply adsorbed onto the surface. The integ-
rity of the capillary coatings produced were then investigated. Both the linear
and crosslinked films were able to successfully separate three distinct proteins at
pH 4.5 and the reproducibility of the results had less than 1% error after 20 runs.
After 150 runs (2 weeks) the elution times of the proteins were slightly shorter,
the crosslinked film producing results within the standard deviation [324]. The
difference between the integrity of the linear and crosslinked films was attribut-
ed to slow hydrolysis of the linear film, resulting in an increase in the electro-os-
mobility, which is indicative of irreproducible results [324]. Later work investi-
gated the distribution of chain lengths resulting from this surface growth and
found narrow molecular weight distributions, Mw/Mn <1.5, suggesting that the
grafting from reactions were indeed controlled [325].

Fukuda et al. showed that Langmuir-Blodgett techniques can be used to form
a monolayer of 2-(4-chlorosulfonylphenyl)ethyl trimethoxysilane on a function-
alized silicon surface by dragging the surface through the monolayer
(Scheme 50) [326]. This treated surface was then used to initiate the ATRP of
MMA using the CuBr/dHbpy catalyst system in the presence of an untethered in-
itiator, p-toluenesulfonyl chloride (TsCl). There was a linear increase in the sur-
face thickness as a function of the reaction time and with the molecular weight

Scheme 50. Illustration of immobilization of an ATRP initiator onto a surface using Langmuir-
Blodgett techniques [326]
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of the free chains generated by the added TsCl, suggesting that the growth from
the surface was controlled [326].

In 1999, Hawker et al. prepared TEMPO moieties containing reactive groups
that could be used to tether the initiator to silicon surfaces (wafers or gel parti-
cles) [327]. One of the major difficulties associated with growing the polymers
off the surfaces, which Wirth et al. [324]. had not addressed but that Fukuda et
al. [326] had considered, is the extremely low concentration of initiating sites.
This leads to a low concentration of persistent radicals (i.e., free nitroxide or
Mtn+1 for ATRP) in the contacting solution and leads to an uncontrolled polym-
erization. Hawker et al. added a small amount of the 1-phenylethyl-TEMPO to
the system and were able to control the polymer growth from the surface [327].
The free polymer chains were separated from those attached to the surface by
washing the surface with an appropriate solvent. To demonstrate that the poly-
mer does indeed grow off the surface, St was polymerized and the thickness of
the surface was monitored as a function of the molecular weight of the pSt
chains in solution (which was assumed to be the same as that of the free chains).
There was a linear relationship between the Mn of the pSt vs the increase in the
layer thickness, suggesting that the process is controlled. Furthermore, the
thickness also increased with increasing monomer conversion, as would also be
expected for a process where all the chains grow simultaneously [327]. To obtain
even more information regarding the extent of control, initiator moieties con-
taining a benzyl ether linkage were used and after the polymerization of St, the
chains were cleaved and their molecular weight characteristics determined. The
molecular weight of the cleaved chains using a 500:1 ratio of monomer: initiat-
ing sites was Mn=51,000 (Mw/Mn=1.14), in good agreement with the molecular
weight of the free chains that were isolated (Mn=48,000, Mw/Mn=1.20). The low-
er molecular weight distribution in the grafted chains, as opposed to the free
chains, was attributed to the absence of chains resulting from thermal initiation.
To confirm that the tethered polymer chains still contained an active TEMPO
chain end, the chains were extended with a 1:1 mixture of MMA and St at a ratio
of 250:1 of the monomer: initiating sites, which resulted in an increase in thick-
ness of about 26 nm for all the surfaces investigated [327]. IR analysis confirmed
the presence of the MMA units on the surface. Random copolymers of St with
HEMA were also prepared, which altered the hydrophilic nature of the surface.
ATRP from the surface was also attempted. A bromoisobutyrate functional
group tethered to the surface was successfully used for the ATRP of MMA in con-
junction with NiBr2(PPh3)2 as the catalyst and in the presence of ethyl 2-bromoi-
sobutyrate as the free initiator. As had been seen in the nitroxide-mediated po-
lymerization of St, the surface thickness increased with the increasing molecular
weight of the free chains, indicating that the process was controlled [327].

Matyjaszewski et al. used ATRP to grow first well defined block copolymer
chains from silicon surfaces by CRP [328]. They used a process similar to that of
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Hawker et al. [327] where 2-bromoisobutyryl functional initiators were first
coupled via long alkyl linkers to silicon wafers [328]. The presence of the halo-
gens on the surface was confirmed using X-ray photoelectron spectroscopy
(XPS). The ATRP of St was carried out in the absence of free initiator, but with 5
mol% of CuBr2/dNbpy relative to the CuBr/dNbpy added to the solution to con-
trol the polymerization. There was a linear correlation between the film thick-
ness on the surface and the expected molecular weight of the grafted chains
(based on the results of the polymerization performed under the same condi-
tions but with free, instead of surface bound initiator). XPS spectroscopy con-
firmed a decrease in the intensity of the Si and O signals originating from the
surface, suggesting that the surface had become covered with the organic pSt
layer. There was also a 50% reduction in the signal for the bromine, which could
result either from loss of end-group functionality or from chains that are not ful-
ly extended and therefore the chain ends are not readily detectable by the XPS
measurement [328]. Additional Cu(II) was required in order to provide a suffi-
cient amount of deactivator present to allow a controlled polymerization. Reac-
tions performed without added Cu(II) showed that the thickness of the surface
film was approximately five times larger than when it was present, and film
thickness did not increase with increasing reaction time, suggesting the growth
from the surface had not been controlled. The ATRP of MA from the surface was
also carried out, resulting again in a linear increase of the film thickness with re-
action time. To verify that the chain ends remained active and that XPS was an
ineffective measure of the remaining bromine content, the surface coated with
tethered pSt was chain extended with MA. The surface film thickness increased
with reaction time, with a final thickness greater than 100 nm [328]. To demon-
strate that the surface characteristics could be altered, block copolymers were
prepared (Scheme 51). The pSt-coated surface was chain extended with tBA, re-
sulting in an increase in the thickness from 26 nm to 37 nm after 4.5 h. The pres-
ence of the tBA was confirmed through internal reflectance IR spectroscopy. The
tert-butyl esters were hydrolyzed to form the corresponding acid groups, result-
ing in a surface that had a water contact angle of 18°, as compared to the 86° for
the original pSt surface, suggesting that the preparation of tethered block copol-
ymers may be a successful approach for tuning surface properties [328]. To dem-
onstrate further that the surface properties can be significantly altered by simple
changes in the chemistry, a fluoroacrylate monomer was polymerized from the
surface, which resulted in a large increase in the water contact angle, to 119°.

Zhao and Brittain also used the grafting from technique to grow polymers off
silicon surfaces [329]. In their example, however, they first prepared tethered pSt
cationically, which was terminated with a chlorine chain end, then used it as the
initiator for the ATRP of MMA using the CuBr/PMDETA catalyst system. Use of
a chlorine-terminated pSt chain in conjunction with a CuBr catalyst, however,
produces a mismatch between the rates of cross-propagation and the rate of po-
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lymerization in the ATRP polymerization of MMA, and may lead to poorly de-
fined polymers and inhomogeneous surfaces [176]. They followed the St polym-
erizations by reflectance IR spectroscopy and found that in the initial polymer-
ization step, not all the initiator was consumed, but upon the chain extension
with more St, the absorbance associated with the initiator species decreased, re-
sulting in an increase in the film thickness from 34 nm to 42 nm [329]. The ATRP
of MMA initiated by the surface tethered pSt chains (26 nm thickness) led to an
increase in the film thickness to 35 nm. When the surfaces were exposed to dif-
ferent solvents, which were selected either for the pSt or the pMMA blocks, the
water contact angles changed accordingly. This was confirmed through the use
of XPS and AFM analysis, which showed that the nature of the surface changed
when it was exposed to different solvents [330]. Again, this demonstrates that
the surface properties can be tuned for specific applications.

As first discussed in the block copolymer section, ATRP can be approached
from either side of the equilibrium. Brittain et al. took this approach to tether
polymer chains to a polymer surface [331]. After functionalizing a silicon sur-
face with diazo moieties, the rATRP of St was carried out using the CuBr2/PM-
DETA catalyst system in an anisole solution at 90 °C for 24 h. This resulted in a
film 25 nm thick. In the absence of the CuBr2, the film thickness was 70 nm, sup-
porting the idea that the CuBr2 acts as a mediator for the polymerization and
controls the growth of the polymer chains from the surface [331]. Using a con-
ventional system for further ATRP chain extension with MMA (CuBr/PMDETA,
anisole solution, 90 °C, 24 h), they produced an increased film thickness (31.5
nm) and a decrease in the water contact angle (74° vs 92°) suggesting that the

Scheme 51. Illustration of growing pSt-ptBA block copolymers from a silicon surface using
ATRP methods and conversion to pSt-pAA [328]
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pMMA was indeed attached to the pSt chains [331]. However, in contrast to
Hawker et al. [327], Matyjaszewski et al. [328], and Tsujii et al. [326], who all in-
sisted that control could not be achieved in the absence of either sacrificial ini-
tiator or excess deactivator, neither the initial report using sequential cation-
ic/ATRP methods nor the report using rATRP followed by the conventional
process used either of these additives to control the polymerization. 

Another type of surface that has been explored as a medium for tethered sur-
face polymerization is gold. Hawker et al. and Baker et al. showed that self-as-
sembled monolayers (SAMs) of halogenated alkyl thiols on gold were capable of
initiating the ATRP of several different types of monomers [332, 333]. Hawker et
al. used a 2-bromoisobutyrate functionalized surface in the presence of a small
amount of untethered initiator and FeBr2(PPh3)3 as the catalyst for the ATRP of
MMA at 60 °C. They found that the brush thickness on the surface correlated
well with the molecular weight of the polymer chains grown in solution and that,
based on the molecular weight and the contour length of the tethered brushes,
the grafting density was about one chain per ten potential initiating sites on the
monolayer, indicating a high density of brushes on the surface [332]. After the
successful ATRP of MMA, brushes were also prepared from tert-butyl, isobor-
nyl, hydroxyethyl, and (dimethylamino)ethyl methacrylates. The measured wa-
ter contact angles were a function of the hydrophilicity of the surface, as had
been found for other systems [327, 328]. The hydrophobic surfaces were subse-
quently analyzed for their resistance to etching, which was dependent on the
type of etching agent used, indicating that this surface property can be tuned to
specific applications [332].

Baker et al. condensed 2-bromopropionyl bromide to surfaces containing 11-
mercaptoundecanol to prepare SAMs capable of initiating ATRP (Scheme 52)

Scheme 52. Functionalization of a gold surface with a 2-bromopropionyl initiator capable of 
participating in the ATRP of MMA [333]
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[333]. They utilized a CuBr/Me6TREN catalyst system for the ATRP of MMA,
which allowed them to achieve polymerization at lower temperatures and avoid
the decomposition of the SAMs that is common at higher temperatures. After
carrying out the ATRP reaction at 25 °C for 12 h, the film thickness increased
from 12 Å to 370±5 Å [333]. GPC analysis of the brushes cleaved using an I2
treatment gave Mn=44,500 with Mw/Mn=1.30, showing the polymerization had-
been well-controlled.

The synthesis of dispersed silicate nanocomposites was achieved through the
CRP of St within layers of alkoxyamine-loaded montmorillonite (Scheme 53)
[334]. Organic/inorganic nanocomposites of intercalated and delaminated sili-
cates containing polymers is an area of continued interest owing to the enhanced
thermal and dimensional stability these materials possess. While a variety of
techniques have been developed for the synthesis of polymer layered silicate na-
nocomposites, the preparation of dispersed silicate nanocomposites has not
been as extensively developed. However, using CRP, dispersions of clay particles
within a matrix of well-defined pSt were formed. An alkoxyamine with a pen-
dant quaternary ammonium group was synthesized and after exchange with so-
dium cations from the pristine clay, SFRP initiators could be loaded between the
silicate layers. X-ray diffraction (XRD) patterns provided evidence for the load-
ing and intercalation of the alkoxyamines between the silicate layers where the
interlayer distance increased from d=1.26 nm (Na+ spacing) to d=2.35 nm
(alkoxyamine spacing). The subsequent addition and polymerization of St at
125 °C in the presence of the functional montmorillonite resulted in complete
delamination of the silicate layers. XRD provided further evidence for the dela-
mination and dispersal of silicates by the disappearance of the diffraction pat-
tern after the SFRP of St. Ion exchange and extraction of pSt (Mn=21,500;

Scheme 53. Synthesis of dispersed silicate nanocomposites from SFRP of St within montmo-
rillonite [334]
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Mw/Mn=1.3) from the dispersed nanocomposite revealed that well-defined poly-
mers were made, with Mn values in close agreement with theoretical predictions.
A similar approach applied ATRP [335].

4.1.4.2
Grafting from Particles

Hybrid materials composed of inorganic nanoparticles and organic surface
groups possess interesting optical, magnetic, and blending properties. These hy-
brids containing nanoparticles have been prepared by several synthetic routes:
trapping colloids within a crosslinked matrices, “grafting to” particles with
functional molecules/polymers, or “grafting from” particles using a living, or
controlled polymerization process. CRP functionality has also been introduced
to colloidal materials by the attachment of ATRP initiating groups to the particle
surface. The properties of the hybrid nanoparticles prepared from this method
can be tuned by varying the particle size of the colloidal initiator, changing the
composition of the particle core, or by tethering (co)polymers with novel com-
positions/functionalities. An interesting feature of hybrid nanoparticle ultra-
thin films has been the formation of ordered two-dimensional arrays of parti-
cles, with a spacing dependent on the radius of gyration of the tethered (co)pol-
ymer. The general method for the synthesis of silsesquioxane-based hybrid na-
noparticles and ATRP is presented in Scheme 54.

Von Werne and Patten, and Matyjaszewski et al., respectively, prepared si-
loxane-based nanoparticles via the base-catalyzed hydrolysis and condensation
of tetralkoxysilanes (i.e., the Stöber process) [336, 337] or using a microemulsion

 

Scheme 54. Synthesis of hybrid nanoparticles using ATRP
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polymerization of trialkoxysilanes [338]. Condensation reactions of the surface
silanol groups with functional silanes yielded colloidal initiators bearing benzyl
chloride, 2-bromopropionate, or 2-bromisobutyrate groups. These colloidal ini-
tiators were used in the ATRP of various vinyl monomers to produce the hybrid
nanoparticles. Silica colloids with benzyl chloride groups on the surface were
used for the ATRP of St. Dynamic light scattering (DLS) and transmission elec-
tron microscopy (TEM) confirmed that the diameter of the pSt hybrid nanopar-
ticles increased with monomer conversion. GPC analysis of the pSt chains cleaved
from the particles suggested polymer growth from the particle surface was con-
trolled, as the polydispersities were low (Mw/Mn<1.35) and the experimental mo-
lecular weights agreed well with those predicted from the monomer conversion
(Mn=26,500, Mn th=30,600). TEM images of pSt nanoparticle ultra-thin films re-
vealed hexagonal packing of the colloids in a polymer matrix [336, 337, 339].

Farmer and Patten have modified the composition of the colloidal initiators
to encapsulate cadmium sulfide particles in a shell of silica [340]. The ATRP in-
itiating groups were introduced by condensing functional monoalkoxysilanes
containing 2-bromopropionate groups to the silica surface. The ATRP of St from
these core-shell colloidal initiators yielded an array of luminescent particles in a
matrix of tethered pSt.

In a similar way, polysilsesquioxane colloids were functionalized with initia-
tors for ATRP (cf. Scheme 54) [338]. Surface treatment of silanol groups with
functional chlorosilanes possessing ~103 2-bromoisobutyrate groups, in addi-
tion to other silylating agents, yielded discrete colloids with ATRP initiating
moieties. DLS and AFM both revealed that the particles were relatively uniform
(Deff DLS=27 nm, Deff AFM=19 nm). The ATRP of St and benzyl acrylate (BzA) was
then conducted to prepare hybrid nanoparticles with tethered block copoly-
mers. GPC analysis of the cleaved pSt (Mn=5250; Mw/Mn=1.22) and pSt-b-pBzA
(Mn=27,280; Mw/Mn=1.48) confirmed that the successive ATRPs of St and BzA
from particles were successful. AFM tapping mode observations of the
(sub)monolayers of the pSt-b-pBzA hybrid nanoparticles revealed the effect the
tethered copolymer composition had on the morphology of the material on mi-
ca. In particular, AFM phase-contrast images showed that each component of
the hybrid nanoparticle was discernible in ultrathin films cast onto mica
(Fig. 48). These images implied that dark cores (colloidal initiators) were sur-
rounded by a hard corona (tethered pSt segment) and dispersed within a light
soft continuous matrix (tethered pBzA segment) [338]. Block copolymers were
also grafted from functionalized silica nanoparticles [339].

Well-defined polymers have been attached to large particles (Deff >1 mm) us-
ing CRP. Polymer coatings of controlled thickness and functionality were pre-
pared using ATRP. In particular, hybrids from larger particles were synthesized
as potential chromatographic stationary phases [324, 325] and templated sup-
ports [205, 341]. Huang and Wirth demonstrated the separation of various pro-
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teins using poly (acrylamide) coated particles, which was evidence for the suc-
cessful grafting of the polymers without significant clogging of the particle pores
[342]. Similarly, Haddleton et al. used ATRP to grow polymethacrylates possess-
ing nucleotide side chain groups from particles [341]. Oligonucleotide immobi-
lization is an attractive approach for the templated synthesis of nucleic acids,
with primary goals of controlling both the degree of polymerization and the se-
quence distribution in the final product. In a different templated system, Walt et
al. grafted poly (benzyl acrylate) to a silica microsphere using ATRP, then treated
the surface with hydrofluoric acid to prepare hollow polymeric colloids [343].
Hallensleban et al. also prepared hybrid particles with tethered pSt using ATRP
from 2-chloro-2-phenylacetate functional silica particles [335].

Functional groups have also been placed on surfaces of organic colloidal parti-
cles prepared in an emulsion process. Vairon et al. applied ATRP to the homopol-
ymerization of 2-hydroxyethyl acrylate (HEA) and 2-(methacryloyloxy)ethyl tri-
methylammonium chloride from the surface of a crosslinked polystyrene latex
functionalized with alkyl bromide groups. ATRP was carried out using the surface
groups of the dialyzed latex as the initiators. The resulting hydrophobic core/hy-

15
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Fig. 48. AFM phase image of pSt-b-pBzA hybrid nanoparticle (sub)monolayer on mica. Do-
main assignments: dark spots (polysilsesquioxane particles), dark corona around particles
(tethered pSt, Mn=5,250; Mw/Mn=1.22) light continuous matrix (tethered pSt-b-pBzA), Mn=
27,280; Mw/Mn=1.48). Reprinted with permission from [338]. Copyright (2001) American
Chemical Society.
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drophilic shell latexes were analyzed by FTIR, NMR, and DLS to confirm attach-
ment of the hydrophilic polymer chains to the hydrophobic pSt particles [344].

4.1.5
Summary

Graft copolymers have been synthesized by CRP using three approaches: graft-
ing from, grafting through, and grafting onto. Grafting from has perhaps been
the most broadly utilized approach by both ATRP and nitroxide chemistries.
Backbone macroinitiators have been prepared by modifying commercially
available polymers, first prepared via free radical processes, metallocene chem-
istry, ionic mechanisms, and by CRP. An example of one extreme to which the
grafting from technique can be taken is the synthesis of densely grafted copoly-
mers, or polymer brushes, where there is a graft unit at every other carbon in the
backbone, which was demonstrated using ATRP. The graft density can then be
altered systematically by incorporating a comonomer that cannot be trans-
formed into the ATRP initiating site, providing a route to tailor the properties of
the brush to specific applications. A combination of ATRP with nitroxides can
also be used for the grafting from approach because, although they are both CRP
methods, the polymerizations occur under different conditions, allowing for an
effective combination. The advantage to this approach is that both well-defined
backbones and graft units can be prepared without any transformation chemis-
try.

Grafting through has been demonstrated using both nitroxide and ATRP ap-
proaches. One advantage to this approach is that well-defined graft units can be
prepared, potentially through an entirely different polymerization mechanism,
and then be incorporated into a backbone, again in a well-defined manner, using
a controlled polymerization. A special feature of this approach is that, as the vis-
cosity of the medium increases, the reactive chain end becomes more inaccessi-
ble due to diffusion effects. Incorporation also becomes more difficult as the
molecular weight of the macromonomer increases, for similar reasons. This may
result in a special gradient structure of the graft copolymers which have entirely
new properties, different from regular grafts. While copolymerization of the
macromonomers with small molecule monomers has been successful, only lim-
ited success with the homopolymerization of macromonomers to produce
densely grafted structures has been realized. Subsequent development of dual
living polymerization techniques has potentially made the grafting through
methods obsolete (see below).

Surface modification is industrially an important application. Grafting from
a substrate containing CRP initiating moieties can potentially result in the prep-
aration of more uniform surfaces, as well as surfaces that can be modified to pro-
duce a desired effect, whether it be for microlithography applications or simply
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to impart a specific response to water. Although most of the surfaces studied
thus far have been based on silica, growth from gold surfaces has recently been
accomplished using ATRP. Due to the heat sensitivity of the alkyl thiols that link
the polymers to the surface, nitroxide chemistry cannot currently be applied to
gold surfaces because of the high temperatures required for their use. Further
development of new nitroxides may eventually allow for their use in this appli-
cation.

4.2
Star Polymers

Star-shaped polymers have been of interest since the development of CRP meth-
ods. Matyjaszewski et al. showed that ATRP can be used to prepare star poly-
mers [114], when a hexafunctional initiator was used for the ATRP of St using
the CuCl/bpy catalyst system, resulting in a 6-arm star with a narrow molecular
weight distribution. Hawker et al. reported the synthesis of star polymers using
TEMPO-mediated polymerizations. They demonstrated that star polymers of
pSt could be prepared using a trifunctional unimolecular TEMPO initiator
[294]. Since then, many reports on star polymers with various types of copoly-
mer arms have been reported.

Matyjaszewski et al. used initiators based on functionalized inorganic com-
pounds, whether derived from cyclotriphosphazene or cyclosiloxanes [232,
345]. The ATRP of St was carried out using 1,1, 3,3, 5,5-hexakis (4-bromometh-
ylphenoxy) cyclotriphosphazene (Scheme 55) as the hexafunctional initiator
and the CuBr/dNbpy catalyst at 105 °C in 50% diphenyl ether. The kinetic plot
showed a constant concentration of active species throughout the polymeriza-
tion, indicating termination was not significant and that the polymerization was
well controlled. Deviation from linearity was observed in the plot of molecular
weight vs conversion, but there was no evidence in the GPC traces to suggest this
was due to loss of end-group functionality, so it was attributed to the hydrody-

Scheme 55. The ATRP of MA and IBA initiated by 1,1,3,3,5,5-hexakis(4-bromomethylphe-
noxy) cyclotriphosphazene to produce an inorganic-organic star block copolymer [232, 345]
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namic differences between the linear pSt standards and the star polymers [345].
This behavior was observed for the dendrimer graft copolymers as well [323].
One parameter that is vital to successful star formation is maintaining a low con-
centration of active species, thereby avoiding coupling reactions that may lead
to gelation. Results from the ATRP of nBA with initiators containing 1, 2, 4, and
6 sites, but using the same concentrations of end-groups and catalyst (Cu-
Br/dNbpy), showed that the rate of the polymerization was nearly identical in all
the systems, as expected for systems with the same concentration of active spe-
cies. The molecular weight evolution based on linear pSt standards, on the other
hand, reflected the difference in the number of arms on the initiators, with de-
viation from the theoretical values becoming more pronounced as the number
of arms increased. Light scattering analysis, however, produced good agreement
between the experimental and theoretical molecular weight values. The molec-
ular weight distributions were narrow (Mw/Mn<1.2), indicating good control
over the polymerizations [345]. Furthermore, 6-arm star block copolymers with
an initial pMA block were synthesized using 1,1,3,3,5,5-hexakis [4-(2-bromo-
propionyloxymethyl)phenoxy] cyclotriphosphazene and a CuBr/dNbpy catalyst
at 90 °C (Mn=20,000, Mw/Mn=1.14, Mn, theo=120,000). This was chain extended
with isobornyl acrylate (IBA) to produce a star block copolymer with Mn=48,000
and Mw/Mn=1.37. There was no evidence of coupling products nor unreacted
macroinitiator in the GPC traces [232, 345].

Sawamoto et al. investigated the use of di- and trifunctional chloracetate ini-
tiators to carry out ATRP of MMA using the RuCl2(PPh3)3/Al(OiPr)3 catalyst sys-
tem, then extended this to prepare calix [n] arene-based multifunctional cores
[346, 347]. These cores were synthesized through the reaction of dichloroacetyl
chloride and the corresponding calix [n] arene (Scheme 56) [346].

The initiators were characterized by 1H NMR to confirm the structures were
correct. No observable transesterification occurred with the multifunctional in-
itiators and the Lewis acid. The experimental molecular weights for the poly-
mers prepared from the tetrafunctional initiated reaction were lower than the

Scheme 56. Preparation of calixarene-core multifunctional initiators and the structure of calix
[4] arene modified with acetyl chloride groups [346]
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theoretical values but 1H NMR analysis showed the true molecular weights were
higher than those obtained by GPC [346]. The deviation stems from comparing
star polymers to linear standards. To characterize the stars further, the arms
were cleaved and analyzed by GPC. On average, two peaks were observed, one at
the molecular weights corresponding to 1/4, 1/6, and 1/8 of that of the star poly-
mer, and one corresponding to the original core initiator. The molecular weight
distributions of the arms were significantly broader than those of the stars
(Mw/Mn>1.5 vs <1.2), suggesting that the growth of the arms was not quite uni-
form and perhaps slow initiation occurred [346]. Nevertheless, an 8-arm pMMA
star (Mn=27,100, Mw/Mn=1.14) was chain extended with nBMA under ATRP
conditions to generate a star block copolymer with Mn=85,200 and Mw/Mn=1.10.
There was little evidence of unreacted star macroinitiator, indicating that even if
slow initiation occurred, the chain end functionality was maintained [346].

The ATRP of styrene from octafunctional 2-bromopropionate modified calix-
arenes was the focus of another study by Gnanou et al. [348]. Below 20% mono-
mer conversion the polymerization was controlled based on the agreement be-
tween the measured and theoretical molecular weight values. Above that conver-
sion, high molecular weight shoulders were observed by on-line light scattering
measurements, which the authors attributed to star-star coupling. However, un-
der the proper conditions of high dilution and cessation of the polymerization
at low conversion, stars with molecular weights as high as Mn=340,000 were
formed. There was agreement between the chain length of the isolated arm and
the theoretically predicted values; however, no block copolymerizations were
studied.

Hedrick et al. reported on the synthesis of 6- and 12-arm star-like block co-
polymers (Fig. 49) of tBA and MMA using sequential ATRP reactions with a
NiBr2(PPh3)2 catalyst [349]. The tert-butyl esters were subsequently deprotected
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Fig. 49. Structures 6- and 12-arm ATRP initiators [349]
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to yield amphiphilic stars. The ptBA stars were of molecular weight Mn=6800 (6
arms) and 16,500 (12 arms) with Mw/Mn=1.05 and 1.04, respectively. The clean
chain extensions with MMA resulted in block copolymers of Mn=49,800
(Mw/Mn=1.29) and 74,500 (Mw/Mn=1.23) from both the short and long ptBA star
initiators. The alternate order of block formation was also conducted; a 6-arm
star of pMMA (Mn=15,000, Mw/Mn=1.13) was chain extended with tBA to yield
a star block copolymer of Mn=22,000 with Mw/Mn=1.23 [349]. There was a high
molecular weight shoulder in the pMMA star macroinitiator indicating some
coupling had occurred during the polymerization; however, the GPC trace for
the star block was symmetrical, indicating that it did not affect the chain exten-
sion reaction significantly. After deprotection, the ability of the stars to form mi-
celles was investigated. In CDCl3, the resonances from both blocks were visible;
however, in going to a non-solvent for the pMMA, CD3OD, the resonances cor-
responding to the pMMA segments were no longer visible. The opposite was
true when acetone-d6 was used; the poly(acrylic acid) resonances disappeared.
This shows that micelles can indeed form and that the polarity of the solvent can
affect their structure in solution [349].

Hedrick et al. also used dendritic 2-, 4-, 6-, and 12-arm multifunctional initi-
ators for the ATRP of MMA [350] and for the copolymerization of MMA with
HEMA [351]. The initiators were synthesized by the esterification of hydroxy-
functional precursors with 2-bromo-2-methylpropionyl-functional units and
were used for the ATRP of MMA using the NiBr2(PPh3)2 catalyst system. Al-
though the rates of the polymerizations were not discussed, the molecular
weights of the star polymers containing various numbers of arms increased with
increasing monomer: initiator ratios and showed little evidence of either unre-
acted initiator or products from coupling reactions [351]. 1H NMR analysis ap-
peared to confirm that all the initiating sites, regardless of the functionality, had
participated in the polymerization; however, polymers derived from deuterated
monomers indicated that for the 12-arm star, between 10 and 12 sites had actu-
ally initiated polymerization. The copolymerization of MMA and HEMA, car-
ried out using 5–20% of HEMA relative to MMA, was successful using the 1-, 2-,
4-, and 6-arm stars. Although the molecular weight distributions were slightly
broader than for the homopolymer MMA cases, they were Mw/Mn <1.4, indicat-
ing that the polymerization was still well controlled. These star copolymers were
combined with methylsilsesquioxane (MSSQ) to investigate the compatibility of
the two compounds as well as to determine whether the star copolymers could
be used as pore generators for nanoporous thin films. The results indicated that
the copolymer and MSSQ did not phase separate prior to curing, as was the case
with the pMMA star homopolymers, and produced optically clear films. After
thermal decomposition of the polymer, TEM micrographs showed voids in the
MSSQ matrix of about 10 nm, thereby reducing the dielectric constant of the film
and achieving the goal of the work [351].
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Although no block copolymers have yet been reported, RAFT has also been
used to prepare 4- and 6-arm pSt star polymers. Molecular weights ranged from
Mn=26,000 to 80,000 with Mw/Mn=1.20–1.67. The rate of polymerization was
slow however, reaching high conversion (>70%) only after 64 h [53]. The persist-
ent radicals in RAFT may be trapped by growing chains resulting in the sponta-
neous formation of semi-stable three arm stars. This reaction in the presence of
multifunctional initiators should lead to branching and crosslinking.

As illustrated in the block copolymer section, transformation techniques can
be used to combine CRP methods with other living polymerization techniques.
This technique has also been demonstrated for the synthesis of star copolymers.
Hedrick et al. reported on the preparation of dendrimer-like star block copoly-
mers using a transformation technique [352]. After using a hexahydroxy func-
tional core as the initiator for ring-opening polymerization of CL, the hydroxy
termini were esterified using various compounds to produce 6-, 12-, and 24-arm
bromine based initiators. The transformation reaction was monitored by 1H and
13C NMR characterization. The initial 6-arm stars had Mn=14,300 and 56,000
with Mw/Mn=1.06 and 1.09, respectively [352]. The ATRP of MMA carried out
using the NiBr2(PPh3)2 catalyst system at 100 °C was successful, leading to the
formation of block copolymers from all the initiators. The rate of polymeriza-
tion was slow since the concentration of catalyst was deliberately kept low to pre-
vent termination reactions; however, the GPC traces showed no evidence of un-
reacted macroinitiator in either chain extension reaction. The ATR copolymeri-
zation of MMA with HEMA or short pEO macromonomers was also successful,
leading to polymers with various amphiphilic characteristics. Although the
Mw/Mn<1.2, at higher catalyst ratios there was some evidence of coupling in the
products [352]. The thermal characteristics of the star, and dendrimer-like stars,
were dependent on the composition and the number of arms. Only single phase
transitions were evident as the number of arms increased in the pCL-b-pMMA
copolymers; however, when the pEO was randomly incorporated into the
pMMA block, two transitions were observed in the polymers with more arms
[352].

Both Xu and Pan [353] and Kennedy et al. [354] prepared star cores via living
cationic polymerization, then transformed the end groups to ATRP initiators to
make star block copolymers. Xu and Pan used a tetrafunctional initiator for the
cationic ring-opening polymerization of THF, then esterified it with bro-
moacetyl or bromoisobutyryl chlorides (Scheme 57).

Using the primary bromoacetyl-based pTHF macroinitiator (Mn=2100,
Mw/Mn=1.20) with a CuBr/bpy catalyst for the ATRP of St resulted in poor initia-
tion efficiency (~50%) and broad molecular weight distributions [353]. However,
when the tertiary bromoisobutyryl-based pTHF macroinitiator was employed
(Mn=1700, Mw/Mn=1.25), the kinetic plot had little deviation from linearity to
suggest either slow initiation or termination and the molecular weights increased
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linearly with conversion and had narrow molecular weight distributions
(Mw/Mn<1.2). Cleaving the arms resulted in polymers with approximately 1/4 the
molecular weight of the star polymer, suggesting that the polymerization was
well-controlled (Mw/Mn<1.25). The (pTHF-b-pSt-Br)4 macroinitiator was used to
initiate the bulk ATRP of MMA, again using the CuBr/bpy catalyst, at a mono-
mer:initiator ratio of 3200:1 with a fourfold excess of catalyst relative to the con-
centration of initiator. The molecular weight of the macroinitiator increased from
Mn=28,200 to Mn=183,000 and the molecular weight distribution decreased from
Mw/Mn=1.30 to Mw/Mn=1.18. There was a clean shift of the GPC trace to higher
molecular weights, indicating that initiation was efficient and termination was
negligible [353].

Kennedy et al. used living cationic polymerization from a tricumyl initiator to
prepare an allyl-terminated 3-arm star of pIB, followed by hydroboration/oxida-
tion to generate hydroxy chain ends which were esterified with 2-bromoisobutyryl
bromide to generate the ATRP trifunctional macroinitiator (Scheme 58) [354].
They subsequently carried out ATRP of MMA in toluene using the Cu(I)/N-(n-
pentyl)2-pyridylmethanimine catalyst system with the addition of Cu0 powder
[242] to maintain a sufficient concentration of active Cu(I) [354]. Macroinitiators
of Mn=9200 and 15,000 were prepared and both had narrow molecular weight dis-
tributions (Mw/Mn=1.15 and 1.09, respectively). The formation of block copoly-

Scheme 57. Synthesis of pTHF via CROP followed by transformation to an ATRP macroiniti-
ator [353]
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mers with MMA, using either macroinitiator, were well-controlled, resulting in the
preparation of star-block copolymers with narrow molecular weight distributions
and molecular weights that surprisingly agreed with the theoretical values [354].

Using CuCl instead of CuBr to form the catalyst for the chain extension reac-
tions produced polymers with lower polydispersities, as expected when halogen
exchange is employed [175]. Core destruction provided information regarding
the block copolymer arms. After oxidative degradation, the diblock arms of a
star block with Mn=30,900 and Mw/Mn=1.50 had Mn=10,600 with Mw/Mn=1.89,
suggesting efficient initiation from all the sites. Treating the star-block with a
strong base led to dehalogenation of the end groups, producing olefinic end
groups as well as to the hydrolysis of the methyl esters to methacrylic acid
groups, making an amphiphilic star-block copolymer. Thermal and mechanical
analysis supported the formation of block copolymers, as did observation of two
glass transition temperatures for all stars and the fact that the tensile strength of
the stars increased as the length of the pMMA segment increased [354].

Gnanou et al. used the living anionic ROP of EO to generate hydroxy-termi-
nated pEO cores of various functionalities. These were subsequently trans-
formed into ATRP initiators via an esterification reaction with 2-bromopropio-
nyl bromide (Mn=2200 to 20,000, Mw/Mn=1.07 to 1.10) [355]. The complete
transformation was confirmed by 1H NMR analysis. Bulk ATRP of St using 3-
and 4-arm stars was carried out using the CuBr/bpy catalyst system at 100 °C,
but was kept to low monomer conversions to avoid the coupling reactions ob-
served previously [348]. Clean chain extension was achieved with significant in-
creases in the molecular weights of the pEO cores and polymers exhibited mo-

Scheme 58. Living cationic polymerization of isobutylane followed by allylation, hydrobora-
tion/oxidation, and esterification with 2-bromoisobutyryl bromide to generate the three-
armed ATRP macroinitiator [354]
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lecular weight distributions Mw/Mn<1.3. After destruction of a 3-arm star block
using KOH, the molecular weights of the pSt segments determined by 1H NMR
(Mn=8000) agreed well with those found from GPC analysis (Mn=10,000), indi-
cating that the ATRP chain extension reaction was well-controlled. Initiators
containing higher functionalities were obtained by using acid chlorides that had
multiple bromoesters in the esterification step. This led to (pEO)n-b-(pSt)2n star
blocks where n=1, 2, 3, or 4, producing a more dendritic-type structure. After
carrying out the ATRP of St using conditions similar to the 3- and 4-arm star re-
actions, the resulting polymers ranged in molecular weight from Mn=7600 to
123,000 (as determined by 1H NMR) with narrow molecular weight distribu-
tions (Mw/Mn<1.40) [355]. GPC analysis was not useful for molecular weight de-
termination since the results varied as a function of concentration. Aggregation
of the polymers into micelles was observed, particularly with those composed of
a larger number of arms. The ability of the polymers to form micelles was con-
firmed by 1H NMR characterization performed in selective solvents. In CDCl3,
the resonances corresponding to both polymers were visible; however, when
CD3OD was added, the pSt resonances disappeared, suggesting that the hy-
drophilic pEO surrounded a hydrophobic pSt core [355]. This approach to pre-
paring multi-arm polymers may provide yet another route for tailoring the
properties of amphiphilic copolymers to particular applications.

All of the aforementioned reports showed star polymer formation originating
from a core. The so-called “arm-first” approach has also been demonstrated.

Fig. 50. GPC traces of a ptBA arm and the corresponding star polymer after coupling with
DVB. Reprinted with permission from [357]. Copyright (2000) American Chemical Society.
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Linear polymers of polystyrene [356] or poly(tert-butyl acrylate) [357] were first
prepared by ATRP. The resulting polymers were subsequently allowed to react
with a crosslinking reagents such as divinyl benzene, 1,4-butanediol diacrylate,
or ethylene glycol dimethacrylate to form crosslinked cores. Several factors per-
tinent to star polymer formation, including the choice of the exchanging halo-
gen and solvent, the addition of a copper(II) species, the ratio of the coupling re-
agent to the macroinitiator, and the reaction time for the star formation are cru-
cial for efficient star formation. The highest efficiency (~95%) was observed
with 10- to 15-fold excess of the difunctional monomer over chain ends (Fig. 50).
Functional initiators were used to directly prepare arms with a-functionalities
since ATRP is highly tolerant to functional groups. End-functional star poly-
mers with hydroxy, epoxy, amino, cyano, and bromine groups on the outer layers
were successfully synthesized [357]. An alternative approach to end-functional
stars can employ a chain end transformation process, such as a radical addition

Scheme 59. Addition of 1,2-epoxy-5-hexene to the hyperbranched pBPEA [89]
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reaction to incorporate epoxy or hydroxy groups [89]. Since the core of these
stars contains a segment other than the shall, they can be considered block co-
polymers.

Hyperbranched polymers have also been used as cores for star polymers. Up
to 80 arms of pBA were grown from the core of pBPEA with DP~80. Since
number of functional groups is equal to the degree of polymerization, incorpo-
ration of just one unit per chain end brings the content of another comonomer
to ~50% [89]. Hyperbranched polymers prepared by ATRP were modified in just
such a way using monomers that were non-polymerizable by ATRP but carried
useful functionalities such as epoxies or alkenes, as shown in Scheme 59.

4.3
Simultaneous/Dual Living Polymerizations

Perhaps one of the most exciting developments in the field of CRP has been the
synthesis of polymers from initiators that contain sites from which two (or
more) different polymerization methods can be carried out. The tolerance of
radicals to various functionalities and a broad range of polymerization condi-
tions have allowed use of these multifunctional initiators for controlled polym-
erization reactions to be successful. In 1997, Puts and Sogah reported on the
synthesis of an orthogonal initiator that contained three sites: a TEMPO moiety
for CRP, a protected hydroxyl group for anionic ring-opening polymerization,
and an oxazoline unit that could either be used for the cationic ring opening po-
lymerization of oxazoline or, since the position a to the oxazoline is acidic, for
an anionic vinyl polymerization [358]. The structure of the initiator is shown in
Fig. 51. Initially, the CRP of St was carried out by heating the initiator with St at

Fig. 51. Structure of an orthogonal initiator containing sites for CRP, anionic ROP, and CROP
[358]
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135 °C, forming a macroinitiator (Mn=5000, Mw/Mn=1.16). The integrity of the
remaining sites was confirmed by 1H and 13C NMR characterizations. The poly-
mer was then treated as a macromonomer and the cationic ring opening polym-
erization of oxazoline initiated by methyl triflate was carried out at 140 °C to
generate a graft copolymer. Although the rate of the homopolymerization was
slow, GPC analysis of the products showed that the trace corresponding to the
macromonomer decreased significantly, and a peak corresponding to the graft
copolymer appeared. 1H and 13C NMR indicated that the protecting group on
the hydroxyl moiety remained after the cationic polymerization step [358].

Later work with this same initiator by Sogah et al. showed that the CRP of St
and the cationic ring opening polymerization of phenyl oxazoline (PO) could be
accomplished simultaneously, producing block copolymers instead of graft co-
polymers [359]. The polymerizations were successful at various feed ratios and
monomer:initiator ratios, producing block copolymers with Mn=24,300–33,500
and Mw/Mn=1.27–1.40. Homopolymer pSt contaminants were not present. Hy-
drolysis of the oxazoline residue resulted in formation of a water-soluble po-
ly(ethylene imine) block. After dialysis, GPC analysis showed no homopolymer
contaminants, again supporting the conclusion that the pSt segments were con-
nected to the pPO segments [359]. The amphiphilic block copolymer showed ev-
idence of micelle formation when selective solvents were used for 1H NMR anal-
ysis, as the pSt resonances disappeared when CD3OD was used as the solvent.
Thermal analysis indicated the presence of a glass transition temperature for the
pSt segment and a melt transition for the pPO. The simultaneous anionic ring-
opening polymerization of CL and the CRP of St was also successfully carried
out [359].

Another series of papers has focused on combining both ATRP and nitroxide-
mediated polymerizations with condensation and ring-opening polymerization
reactions [360–364]. Initial reports by Hawker et al. [360, 365] and Jerome et al.
[361] used concepts similar to those first put forth by Puts and Sogah and pre-
pared initiators that were dual-headed and could be used for two different po-
lymerization techniques without a transformation step. They found that identi-
fication and use of the proper conditions could allow for the simultaneous po-
lymerizations of two different monomers by two different routes.

Using a unimolecular TEMPO initiator containing a hydroxy functionality,
the simultaneous ring-opening polymerization and controlled radical polymer-
izations of CL (using Sn(Oct)2 as the catalyst) and St were carried out
(Scheme 60) [362]. The molecular weights increased linearly with conversion,
indicating the living nature of both processes.

A range of monomer feed compositions were used, resulting in polymers with
molecular weights ranging from Mn=6300 to 21,000 with Mw/Mn<1.8 and pCL
contents ranging from 0.26 to 0.67 [362]. The simultaneous ATRP of MMA using
the NiBr2(PPh3)3 catalyst system and ring-opening polymerization of CL using
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Al(OiPr)3 was also achieved using 2,2,2-tribromoethanol as the initiator for both
processes. Again, the molecular weight control was good; however, the molecu-
lar weight distributions were broader than in the prior polymerizations. Molec-
ular weight distributions were narrower in the presence of pyridine, which lim-
ited any transesterification that might occur with the MMA and Al(OiPr)3 [362].
Thermal analysis showed the presence of two glass transitions in the pCL-b-pSt
copolymer. Hydrolysis of the pCL-b-pMMA block copolymer resulted in a sig-
nificant decrease in the molecular weight (Mn=70,000 to 26,000) and the molec-
ular weight distribution (Mw/Mn=1.4 to 1.2). Both served to confirm that block
copolymers were indeed prepared. To illustrate that more complex architectures
could be synthesized, MMA was copolymerized with HEMA using ATRP with
the RhCl(PPh3)3 catalyst while the hydroxy functionality on the HEMA was used
to initiate the ring-opening polymerization of CL in the presence of Al(OiPr).
When a ratio of 1:0.1:1 of MMA, HEMA, and CL was used the polymerization
reached 73% total monomer conversion after 18 h at 50 °C. 1H NMR confirmed
the presence of both pMMA and pCL; after hydrolysis of the pCL graft units, the
disappearance of which was confirmed using 1H NMR, the backbone had Mn=
30,000 with Mw/Mn=1.25 [362].

Miller et al. combined condensation polymerizations with both nitroxide-
mediated and ROP (Scheme 61) [363]. The condensation polymerization of 2,7-
dibromo-9,9-dihexylfluorenes (DHF) was carried out in the presence of a
Ni(COD)2 catalyst using (1-(4¢-bromophenyl)1-(2¢¢, 2¢¢, 6¢¢, 6¢¢-tetramethyl-1-
piperidinyl-oxy)ethyl) as a capping agent/initiator for the CRP of St. This led to
a central block of pDHF and outer blocks of pSt (Mn=36,000, Mw/Mn=1.52). Sim-
ilarly, a diol functionalized with a bromine moiety was used as the end cap-
per/initiator for the simultaneous polymerizations of CL and DHF in the pres-
ence of both Ni(COD)2 and Sn(Oct)2 (Mn=17,000–31,600, Mw/Mn=1.65–2.39)
[363]. The molecular weight distribution narrowed as the content of the DHF in
the feed decreased for the condensation/ROP combination. Combining ATRP

Scheme 60. Simultaneous ROP of caprolactone and TEMPO-mediated CRP of St [362]
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with the condensation polymerization was only successful in a stepwise manner,
not a simultaneous one, which was attributed to the instability of the a-ha-
loesters under the conditions needed for the condensation polymerization (Mn=
83,000, Mw/Mn=1.64). Formation of the block copolymers was confirmed by
1H NMR analysis both before and after hydrolysis of the pCL from the pDHF
[363].

As detailed previously, Grubbs et al. have combined ROMP with ATRP to pro-
duce block copolymers [293]. In a one-pot reaction, ROMP, ATRP and hydro-
genetion was carried out successfully.

Hedrick et al. have introduced the concept of a monomer that can function as
an ATRP initiator, as well as participate in a polymerization proceeding by an al-
ternate mechanism [364]. The monomer/initiator was used to prepare graft co-
polymers via the grafting from, grafting through, and simultaneous living po-
lymerization routes (Fig. 52). g-(2-Bromo-2-methylpropionyl)-e-caprolactone
was homo- and co-polymerized with CL to yield a macroinitiator with a variable
number of grafting sites for the ATRP of MMA. The composition of the back-
bone was predictable based on the monomer feed ratio, as were the molecular
weights, with molecular weight distributions Mw/Mn<1.6. The ATRP of MMA
was carried out using the NiBr2(PPh3)2 catalyst system. The graft copolymers
had compositions that were predictable based on the molar feed ratios, predict-
able molecular weights (Mn=35,000–47,000) and narrow molecular weight dis-
tributions (Mw/Mn=1.28–1 .41) [364]. Cleaving the arms with HCl resulted in
polymers with Mn=13,600 and Mw/Mn=1.06, confirming that the grafting proce-
dure had been controlled. Conversely, the ATRP of MMA can be carried out first
to yield a CL-capped pMMA macromonomer that can be polymerized via ROP.
The molecular weights of the macromonomers ranged from Mn=2200 to 3800
with Mw/Mn=1.15–1.22. Using Sn(oct)2 as the catalyst, these macromonomers

Scheme 61. Simultaneous condensation and TEMPO-mediated polymerizations [363]
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were copolymerized with CL to prepare the graft copolymers in high yield
(>80%). The mole fractions of macromonomer in the copolymers matched well
with the values predicted by the comonomer feed ratios. The GPC traces moved
cleanly to higher molecular weights. The final approach to such graft copoly-
mers was simultaneous ROP and ATRP reactions. The final polymer had Mn=
12,000 with Mw/Mn=2.30, suggesting that the polymerization was not as well
controlled as for the other approaches. No other characterization information
was provided [364].

Subsequently, Hedrick et al. also prepared a monomer that contains two dif-
ferent reactive sites, allowing for the polymerization of a single monomer by two
different mechanisms [366]. The synthesis of the monomer is shown in Scheme
62. The 4-(acryloyloxy)-e-caprolactone was then polymerized via an ATRP
mechanism with NiBr2(PPh3)2 as the catalyst at 90 °C to yield polymers with
Mn=3500–24,000 with Mw/Mn=1.13–1.30.

O

O

O

O

ROP

Br
ATRP

Fig. 52. Structure of g-(2- bromo-2-methylpropionyl)-e-caprolactone [36]

Scheme 62. Synthesis of 4-(acryloyloxy)-e-caprolactone [366]
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The glass transition temperature of the homopolymers was 95 °C. Alterna-
tively, the ROP of the CL portion using Al(OiPr)3 as the catalyst at 25 °C resulted
in homopolymers with Mn=1800–14,000 and Mw/Mn=1.15–1.22 [366]. 6-Arm
star polymers composed of random copolymers of 4-(acryloyloxy)-e-caprolac-
tone with CL or L, L-lactide were also prepared, although the control over the po-
lymerization was lost in the presence of L, L-lactide. These two approaches to po-
lymerizing the same monomer led to polymers with novel pendant functionali-
ties that may be useful for a wide variety of applications [366].
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5
Overall Summary

5.1
General Overview

This review has summarized the information available in the literature regard-
ing various copolymers that involved some aspect of controlled/living radical
polymerization (CRP) for their synthesis. The topics addressed included the for-
mation of statistical, periodic and gradient copolymers, block and graft copoly-
mers, including tethered copolymers, and segmented polymers with star-type
chain architectures. There are numerous examples of the synthesis of all of these
types of copolymers using only CRP techniques, whether it is the use of nitrox-
ide-mediated systems, ATRP, or the degenerative transfer approach. In addition,
other polymerization methods have been combined with CRP to afford seg-
mented copolymers whose compositional combinations were never before pos-
sible. Living carbocationic, carbanionic, various types of ring-opening polymer-
ization, coordination polymerization, and even step-growth processes have all
been used in conjunction with CRP methods to produce polymers with novel
structures. Finally, one of the most unique approaches to the preparation of seg-
mented copolymers has been the development of initiators and monomers that
can be used for two types of polymerization processes, whether it be in a step-
wise or concurrent manner. These types of advances lend themselves to the de-
velopment of routes for the preparation of materials with properties that can be
specifically tuned for particular applications.

5.2
Critical Evaluation of CRP Methods for Materials Preparation

All the CRP methods have strengths that can be exploited in particular systems.
TEMPO is essentially useful only for the polymerization of styrene-based mon-
omers, whether for the preparation of statistical or block copolymers [38]. The
radicals generated through the self-initiation of St help to moderate the rate of
polymerization by consuming any excess TEMPO generated by termination re-
actions, which will not occur with other monomers. Acrylate monomers, for ex-
ample, are very sensitive to the concentration of free TEMPO and therefore its
build-up causes the polymerization to stop. The use of different nitroxides and
alkoxyamines like DEPN [73] and TMPAH [71], which provide higher equilibri-
um constants and allow for faster polymerization rates, has also enabled the ho-
mo- and copolymerizations of acrylate monomers, as well as for St at lower tem-
peratures. Block order is important, however, and chain end functionality is re-
duced when TMPAH functional polymers are chain extended with BA. This may

Advances in Polymer Science, Vol. 159
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place limits on its applicability for materials synthesis. Various copolymers have
been prepared using TMPAH, including those of St with MMA, acrylic acid, 2-
hydroxyethyl acrylate, glycidyl acrylate, and acrylamides. It has also been used
successfully for polymerizing isoprene, which can additionally be incorporated
into statistical and block copolymers. However, methacrylate monomers still
cannot be homopolymerized in a controlled fashion [165]. This is a serious
drawback for many industrial applications because it eliminates a whole class of
monomers with desirable properties.

The major strength of ATRP is that not only can the concentration of catalyst
be adjusted to increase or decrease the activity of particular system, but the na-
ture of the catalyst can be altered as well [49, 367]. Polymerization temperatures
can range anywhere from below room temperature (acrylates with the Cu-
Br/Me6TREN system) to above 130 °C (styrene with a CuCl/bpy catalyst) [42,
172]. The dormant chain end groups on the polymers are halogens and simple
substitution or addition chemistry can be used either to remove them or to
transform them to other useful functionalities, like azides, amines, hydroxides,
or double bonds [87]. Acrylate-, methacrylate-, acrylamide-, and styrene-based
monomers have all been polymerized using ATRP, and the molecular weights for
linear polymers range from several hundred to several hundred thousand. Var-
ying the block order is simple, since the halogen exchange technique allows for
very good control over the polymerization of methacrylates when less reactive
macroinitiators are utilized. ATRP may be particularly useful for the synthesis
of such “difficult” block copolymers, those with relatively low molar mass, i.e.,
high content of end groups which are least expensive from all CRP methods, and
for various hybrid materials which require efficient incorporation of many initi-
ating sites [181]. ATRP methods have as a limitation the fact that a catalyst is
needed and therefore has to be recycled or removed [368]. Neither a-olefins nor
vinyl acetate have yet been polymerized using ATRP in a well controlled manner
[221], but with further catalyst development this is expected to be achieved.

Degenerative transfer, including RAFT, is useful for a variety of monomers,
from methacrylates to vinyl acetate [54, 55]. However, the concept of degenera-
tive chain transfer requires a supply of additional radicals (from initiator, light,
or a thermal process) which limits blocking efficiency and end-functionality. In
addition, some dithioesters may act as retarders and, as the concentration of
chain transfer agent increases, the rate of polymerization decreases, leading to
longer reaction times for lower molecular polymers. Trapping the persistent
radicals in RAFT with growing chains may lead to branching and crosslinking
when multifunctional initiators are used. Generally, polymers with chain ends
that have lower transfer rates (i.e., methacrylates) must be polymerized prior to
monomers with higher transfer rates (i.e., styrenes and acrylates) in order to
have high blocking efficiency. Block order is therefore critical to material syn-
thesis. While this is also a problem in ATRP, halogen exchange can be used to
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overcome it. As demonstrated with ATRP and the nitroxides, however, new de-
velopments are constantly improving the systems and allowing limitations to be
overcome. This may likely occur in the RAFT systems as well.

All CRP chemistries should be useful in dual living polymerization tech-
niques directed at the preparation of graft and block copolymers. However, in-
terference may sometimes occur between, e.g., ROP catalyst and either ATRP
catalyst, or end functionalities in NMP or RAFT systems.

5.3
Potential Applications for Copolymers Made by CRP Methods

Copolymers prepared using CRP methods can be utilized for multiple applica-
tions. To optimize the targeted use, it is possible to vary not only the copolymer
composition and properties of individual comonomers, but also the chain topol-
ogy and end functionalities. The range of monomers polymerizable by CRP is
similar to conventional systems, though NMP and ATRP have some limitations.
Polymers from very non-polar monomers such as dienes and styrenes or very
polar ones like acrylates or even acrylic acids can be prepared. (Meth)acrylate
monomers with lipophobic fluoroalkyl groups, hydrophilic oligo(EO), hydrox-
yethyl, dimethylaminoethyl, or acidic moieties, and even hydrophobic lauryl
and stearyl groups represent the different properties individual monomers
within the same family can have. Additionally, crystallization (for long alkyl
groups), high and low Tg (isobornyl and ethylhexyl) help to manipulate thermal
and mechanical properties. Statistical copolymerization of two or more comon-
omers with different structures was previously used in conventional radical po-
lymerizations to fine tune many properties. However, as explained before, this
often resulted in differences between the polymer chains produced early and late
in the process, which could produce an inhomogeneity in the system. Because in
CRP all the polymer chains start growing at the same time, the differences in the
monomer feed are reflected in each chain, resulting in gradient copolymers.
These copolymers have properties that are different from conventional random
copolymers and segmented copolymers such as blocks and grafts. They may
phase separate, but the shape of gradient allows for control and tuning of the or-
der-disorder temperature and other properties.

CRP, as with any living system, can be used to prepare block copolymers. One
application may be their use as thermoplastic elastomers. This is the case for
ABA triblock copolymers composed of soft pIB inner blocks and hard pSt outer
blocks [269], as well as soft pnBA middle segments and hard pMMA outer seg-
ments, whether containing only “clean” blocks or containing blocks with a gra-
dient at the block interface [91, 94, 177, 179]. The latter, due to a broad range of
transitions, may also be excellent adhesives. Perhaps even more interesting is to
combine incompatible segments that lead to amphiphilic systems which can be
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used as surfactants. This was shown for a variety of pSt-poly (acrylic acid) co-
polymers with several different chain topologies and architectures that were
prepared by ATRP and utilized as surfactants for the emulsion polymerization
of St [194, 195]. Another potential application is to use double hydrophilic block
copolymers for crystal engineering.

The segments may be connected not only in linear fashion but also in a comb-
like structure to form graft copolymers. Graft copolymers are generally easier to
make than block copolymers and tolerate more errors. Grafts can be made by
grafting from, through, and onto. In addition, it is possible to change the graft-
ing density along the chain to form gradient-like grafts with properties that dif-
fer dramatically from regular graft copolymers. Grafting can also be used to
modify the properties of some commodity polymers such as polyolefins or pVC.
Commercial pVC contains additives that act as plasticizers and impart elasticity
to the material. Unfortunately, these additives can leach out of the material. A
homogeneous graft copolymer of pVC with nBA acts as a self-plasticizing mate-
rial, eliminating the need for additives [297]. This may be desirable for applica-
tions such as children’s teething rings and feeding bottles as well as for biomed-
ical applications.

Grafting from surfaces using CRP techniques has allowed for precise pattern-
ing of the surfaces as well as tuning of the surface properties for specific micro-
lithographic applications [332, 369]. An additional possibility may be control
over the materials properties and the ability to tune them for particular applica-
tion by incorporating functionalities into the polymer chain. They can be used
for specific interactions with surfaces, to enhance compatibility, for the reactive
processing and blending, or be crosslinked, as for coatings.

Polymers prepared via CRP show promise for applications like photoresists
[112], liquid-crystalline displays [147–149, 154], and photocatalysts [151]. In-
corporating blocks prepared using CRP techniques into copolymers with con-
ductive or luminescent blocks [240, 241, 243, 251] may impart better processa-
bility and make them useful for a broader range of applications. Block or gradi-
ent copolymers with highly controlled compositions may also be industrially
useful as blend compatibilizers or as surfactants [194], perhaps improving upon
already existing materials. Well-defined or functional compatibilizers and stabi-
lizers could potentially result in lower production costs if less material is needed
to impart the desired properties.

The ability to control polymer structure so completely using CRP will allow
one to develop a more comprehensive structure/property correlation [370]. This
has been done for several systems but requires much more systematic investiga-
tion. The ease of manipulating the fundamental characteristics of polymers
(molecular weight, chain topology, chain architecture, and compositional) pre-
pared using CRP methods may make development of new, performance materi-
als targeting specific applications much more economical as the advantages of
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all the possibilities offered by CRP for polymerization of available monomers is
exploited.
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