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Abstract: Nitroxide mediated polymerization (NMP) is one of the main reversible de-activation radical
polymerization (RDRP) techniques and was one of the earliest discovered. However, other RDRP processes
like atom transfer radical polymerization (ATRP) and reversible addition fragmentation transfer

polymerization (RAFT) surpassed NMP, as it was largely restricted to styrenic polymerizations. Recently, with second-
generation nitroxides, controlled homopolymerizations (predictable degree of polymerization with conversion, high chain
end fidelity and narrow molecular weight distributions) of acrylates, acrylamides and dienes are now possible.
Methacrylic ester homopolymerizations have remained somewhat elusive with commercially available alkoxyamines, but
with a low concentration ~ 1-10 mol% of a controlling co-monomer, methacrylate-rich polymers are accessible. Recent
reports have shown promising possibilities for methacrylate homopolymerizations. This review will summarize the
progress made in the diversity of monomers polymerizable by NMP and an outlook of the ability of NMP to polymerize
new families of monomers or to use under-utilized monomers for emerging applications will be given.
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1. INTRODUCTION

Nitroxide mediated polymerization (NMP) has arrived at
an interesting juncture in its development. As one of the
main reversible de-activation radical polymerization (RDRP)
processes (also known more colloquially as controlled
radical polymerization (CRP) or living free radical
polymerization), it was one of the first reported in the early
1990s [1-5]. However, it was rapidly surpassed by atom
transfer radical polymerization (ATRP) [6,7] and reversible
addition fragmentation transfer polymerization (RAFT). [8,9]
NMP with first-generation nitroxides such as 2, 2, 6, 6,
tetramethylpiperidinyl-1-oxy (TEMPO) was restricted to the
polymerization of styrenics largely. In contrast, ATRP and
RAFT readily polymerized acrylic and methacrylic
monomers in a controlled fashion. However, NMP began to
catch up in the early 2000s with the advent of N-zert-butyl-
N-[1-diethylphosphono-(2,2 dimethylpropyl)] nitroxide (the
so-called SGI1 type of initiator and its subsequent
commercially available unimolecular initiator BlocBuilder-
MA) [10] and 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl
nitroxide (TIPNO) [11,12] type of unimolecular
alkoxyamine initiators which permitted acrylates and
acrylamides to be readily polymerized in a controlled
manner. Methacrylates remained largely elusive generally,
but a co-monomer approach indicated a promising way to
obtain largely methacrylic copolymers [13]. Methacrylate
homopolymerizations have remained a target and in situ
NMP using nitrones was effective for homopolymerization
of various methacrylates [14-16]. Additionally, recently
developed alkoxyamines have indicated some promise for
methacrylate homopolymerizations [17-22]. Although there
seems to be a wide consensus of the suitability of NMP to
produce styrenic, (meth)acrylic, (meth)acrylamidic and
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diene-based homopolymers and copolymers, \ some families
are not fully explored, such as vinyl esters, vinyl azlactones
and cyclic ketene acetals, that are have not been studied
thorougly by NMP.

Several excellent reviews summarize succinctly the
history of NMP in terms of initiator development,
polymerization mechanisms and corresponding multi-scale
modeling, monomer types, reaction media, and applications
[23-31]. In the following review, I will chronologically focus
exclusively on the kinds of monomers that NMP has been
successfully applied to, along with potential new directions
in materials development. 1 hope this updated review will
encourage the exploration of new monomer polymerizations
or improved polymerizations of existing monomers by NMP
in terms of chain end fidelity, molecular architecture, and
process latitude.

2. STYRENIC POLYMERIZATIONS

NMP of styrenic monomers was first reported using
TEMPO [1,5]. Although this structural motif seems limited,
styrenic-based polymers by NMP exhibited a wide variety of
properties amenable to many applications. For example, p-
acetoxy-functional styrenics were polymerized by TEMPO
for photolithographic resist materials [32,33], sodium-
sulfonate styrene was polymerized to make water-soluble
polyelectrolytes [34-36], as was lithium
styrenesulfonyl(trifluoromethanesulfonyl) imide (SSTFSILi)
using BlocBuilder-MA [37], 2,5-bis[(4-methoxyphenyl)
oxycarbonyl|styrene for liquid crystal materials [38], and
phenylenevinylene-functional monomers for luminescent
polymers [39]. In the following sections, TEMPO and
similar ring-bearing structural motifs will be defined as first-
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generation nitroxides, although there have been newer, more
effective ones developed recently [40-41]. Alkoxyamines
like the TIPNO and SGI families are termed second-
generation nitroxides herein. Figure 1 shows the structures
of the most common or noteworthy nitroxides.
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Figure 1: Structures of common nitroxides used to date along
with pertinent features. TEMPO (and the derived BST) was
developed initially and was limited to polymerization of
styrenic monomers; second-generation nitroxides like SG1
(and the derived BlocBuilder-MA and MONAMS) and
TIPNO-based initiators could polymerize acrylates,
acrylamides and methacrylates with the aid of a co-
monomer. PROXYL and the hindered alkoxyamines derived
from Studer’s group could polymerize acrylates at much
lower temperatures. The last three entries correspond to
alkoxyamines that can homopolymerize methacrylates.

2.1. Bulk styrenic polymerizations

The earliest styrenic NMPs were conducted in bulk for
simplicity [1,2]. Recipes typically consisted of a two-step
process where the TEMPO, styrenic monomer and
conventional radical initiator such as benzoyl peroxide were
used to form the adduct at low temperature (~ 100 °C),
which serves effectively as a unimolecular initiator (the so-
called BST, as shown in Figure 2). Subsequently increasing
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the temperature to 120-130 °C and adding more monomer
resulted in chain growth. Similar procedures were followed
for a vast array of styrenics polymerized with TEMPO in
bulk [42-63].
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Figure 2: Use of a unimolecular initiator termed BST which
is developed from the adduct of benzoyl peroxide, styrene
and TEMPO. Reprinted with permission from Hawker, C. J.
Molecular weight control by a “living” free-radical
polymerization process. J. Am. Chem. Soc. 1994, 116,
11185-11186 [3]. Copyright 1994 American Chemical
Society.

With the massive experimental thrust towards using
TEMPO to control styrenic polymerizations, kinetic
modeling studies ensued with the general objective of trying
to predict molecular weight distribution and account for side
reactions/products that would alter chain end fidelity and
microstructure. For example, in bulk polymerization,
diffusion controlled processes were added into the kinetic
model by Roa-Luna et al [64]. They found that diffusion
controlled bimolecular termination enhanced chain end
fidelity whereas diffusion controlled activation/reactivation,
and propagation worsened it, with the overall effect of
providing slightly better predictions compared to
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agents can impact the activation/deactivation reactions at
high conversion, with a significant broadening of the
molecular weight distribution.

experimental data. Other modeling studies echoed the
importance of diffusion-controlled termination in bulk NMP,
and added that diffusional limitations are only important in
propagation to very high conversion or very low temperature
[65]. These researchers also added that bulky mediating

Table 1: Summary of styrenic monomers polymerized by nitroxide-mediated polymerization.
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Other studies examined cyclic polymerization effects for
styrene/divinylbenzene copolymerizations, as it was
expected that more homogeneous networks could be derived
using NMP [66-67]. Using a series of models, cyclization
reactions were predicted quite well compared to experiments
and a combination of several models reasonably predicted
gel points [66]. However, ideal network prediction cannot
be often realized by NMP due to the presence of cyclization
reactions [67]. The effect of other side-reactions such as
chain transfer to dimer was examined by modeling of bulk
NMP with BlocBuilder-MA systems, indicating lower chain
end fidelity and poorer chain length control when chain
transfer to dimer was incorporated [68]. An excellent
summary of the status of modeling efforts with respect to
some of these issues in RDRP is provided by Masan et al
[69].

With the development of TIPNO and SG1 nitroxides in
the late 1990s, styrenic monomers continued to be applied
with the main advantage that such polymerizations could be
conducted at much lower temperatures < 100 °C [10-12],
which enabled different avenues for NMP. For example, the
polymerization of non-equimolar mixtures of styrene with
maleic anhydride using BlocBuilder-MA/SG1 led to one-
shot  block copolymers of poly(styrene-alt-maleic
anhydride)-block-poly(styrene) where the styrene/maleic
anhydride were nearly strictly alternating due to the lower
temperature being possible (90 °C) [70] whereas with a
TIPNO-based system, higher temperatures were required,
which made the first S/MA sequence being essentially
random [71]. It should be noted that such sequence
controlled polymerizations have received much attention in
that they encode functionality by the precise controlled
sequence employed [72-74]. Further, the development of
second-generation nitroxides permitted the use of non-
pressurized reactors for dispersed aqueous polymerizations
(emulsion, miniemulsion), which facilitates reactor selection
for industrial scale-up [75, 76]. Table 1 lists the various
styrenic monomers that have been polymerized by NMP.

With the wide variety of styrenics polymerized by NMP
with TEMPO in bulk, statistical copolymerizations followed
of styrenics with various acrylamides, acrylates and
methacrylates (the latter at concentrations < 50 mol%; I am
defining methacrylic-rich copolymerizations with > 90 mol%
in the feed as essentially methacrylates by NMP). All of
these copolymerization pairs could be well-controlled up to
certain compositions and some pairs included the following:
styrene with acrylonitrile [77-81], methyl methacrylate [33,
82], ethyl methacrylate [83], butyl methacrylate [83,84],
methyl acrylate [83], ethyl acrylate [83], butyl acrylate [83],
2-hydroxyethyl acrylate [83], vinyl acetate [83], N-acryloyl
morpholine [82], 2-ethoxyethyl acrylate [82], isobornyl
acrylate [82], vinylferrocene [85], N-vinylcarbazole [86,87],
N-cyclohexylmaleimide [88], p-chlorostyrene [89] and vinyl
pyrrolidone [90].

2.2. Solution styrenic polymerizations

For solid monomers that are often water-soluble such as
styrenic sulfonic acid, sodium salt (SSNa) and others that are
often extensively conjugated (eg. for electronic applications),
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polymerizations were required to be conducted in
homogeneous solution. For example, SSNa was
polymerized in water/glycol mixtures by TEMPO [33-35]
and subsequently later in purely aqueous solutions by water-
soluble TEMPO-derived nitroxides [91], TIPNO-related
nitroxides [92] and with BlocBuilder-MA/SG1 systems [93].
Tran et al. polymerized lithium 4-
styrenesulfonyl(trifluoromethane sulfonyl) imide
(SSTFSILi), as a polyelectrolyte material for lithium
batteries, in 10 wt% aqueous solution at 90 °C [37]. When N-
vinylcarbazole was copolymerized with styrene, dioxane
solvent was required to continue the polymerization [86, 87],
while the styrenic 9-(4-vinylbenzyl)-9H-carbazole (VBK)
had to be dissolved in dimethylformamide (DMF) to be
homo- and copolymerized [94,95]. Vinyl triphenylamine
(vTPA) was polymerized in anisole using a TIPNO-based
initiator [96]. Liquid crystalline monomers such as 2,5 bis[4-
butenylbenzoyl]oxystyrene (BBOS) were polymerized in
solution using TEMPO [97-110]. Zhao and co-workers
polymerized styrenics attached with oligoethylene glycol
(OEG) groups using TIPNO in anisole at 120 °C, yielding
polymers with tunable cloud points in water by using
different substituent lengths on the (OEG) units [111-113]

(Figure 3).
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Figure 3: Styrenic monomers with water-soluble

oligoethylene glycol chains in the para position controlled
with TIPNO type of alkoxyamine (TPPA) and some
additional ~ free  nitroxide = (TPANO) to  make
thermoresponsive polymers. Reprinted with permission
from Zhao, B.; Li, D.; Hua, F.; Green, D. R. Synthesis of
thermosensitive water-soluble polystyrenics with pendant
methoxyoligo(ethylene glycol) groups by nitroxide-mediated
radical polymerization. Macromolecules 2005, 38, 9509-
9517 [111]. Copyright 2005 American Chemical Society.

2.3. NMP of styrenics in dispersed aqueous systems

The review of NMP in dispersed aqueous systems
(suspension, emulsion, miniemulsion) has been described
extensively elsewhere [114-118]. The NMP of styrenics
with TEMPO was first reported in the mid-1990s [119], as
the salient features of NMP and other RDRP processes
presented the possibility of making block copolymers and
other more sophisticated microstructures in dispersed
aqueous media, something that could not have been done
with classical living polymerizations. The initial TEMPO
mediated systems involved the formation of seed latex with
styrene, water, surfactant, water-soluble initiator and other
additives followed by addition of more styrene, unimolecular
alkoxyamine initiator BST and TEMPO to form the
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emulsion with polymerization at 125 °C. The resulting latex
was stable, although particle size distributions were not
given, the molecular weight distributions were somewhat
broad (P = 1.39-1.54) and no evidence of chain end fidelity
was provided (linear increase of monomer conversion with
temperature) [119]. The authors stressed lower temperatures
would be advantageous to minimize irreversible termination.
Later studies focused on miniemulsion systems, with a
water-soluble initiator such as potassium persulfate and
TEMPO/BST as controller resulted in poly(styrene) latexes
that were colloidally stable, possessed narrower molecular
weight distributions (B = 1.15-1.25 up to conversions of
85%) and a linear increase in molecular weight with
conversion [120-122]. In some of these cases, a hydrophobe
to stabilize the monomer droplets was added (usually
hexadecane but it can also be a hydrophobic
macroalkoxyamine initiator/controller). The reasons why a
miniemulsion system was more successful were not clear at
that time but this was ascribed to compartmentalization
effects, although not completely elucidated until later [123-
126]. Figure 4 illustrates the particle size evolution for
miniemulsion polymerization. In a miniemulsion system, the
droplets are finely dispersed as sub-50 nm particles in water
with intense agitation. The loci for polymerization are thus
the monomer droplets. This is contrast to conventional
emulsion polymerization, where droplets are much bigger
and act as reservoirs to the polymerization loci, which are
micelles of monomer stabilized with surfactant. With
miniemulsion polymerization, surfactants were also reported
to form in situ at the interface between the particles and
surrounding aqueous phase, resulting in particles as small as
20 nm, using much less surfactant than required for typical
microemulsions [127].

% D =60-200 nm

"D = 60-200 nm
.

Monomer — Surfactant ® Wat
sorh

Figure 4: Miniemulsion protocol that is often used with
NMP. The loci are formed by intense agitation initially to
form very small droplets of monomer (D < 200 nm). The
polymerization then is initiated inside each of the monomer
droplets with the particle size remaining virtually unchanged
throughout the polymerization. Reprinted with permission
from Ref. [118], Royal Society of Chemistry.

Successive emulsion/miniemulsion systems with TIPNO
and SG1 systems followed, using similar formulations to that
of the TEMPO systems with varying conditions. With
BlocBuilder-MA, however, the alkoxyamine can be readily
solubilized by neutralization of the carboxylic acid group
with base. Thus, surfactants were bypassed by making a
water-soluble macroinitiator based on species such as SSNa,
methacrylic acid and oligo(ethylene glycol) methacrylates
[128-131]. Various systems have been developed along this
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principle. Emulsion styrene-rich systems have come back to
the forefront as the extra equipment required for
miniemulsions has served as somewhat of a deterrent [132].
Further variants to the aqueous dispersed systems have been
reported such as dispersion polymerization [133-135], and
suspension polymerization [136-138].
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Figure 5: Mini-emulsion protocol described by Guo and
Zetterlund using in sifu surfactant produced at the interface
by reaction with organic acid/base and ultrasonication to
produce polymer nanoparticles < 20 nm in size. Reprinted
with permission from Ref. [127], Copyright © 2011
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3. ACRYLATE POLYMERIZATIONS

3.1. Bulk acrylate polymerizations

RepAcrylate homopolymerizations via TEMPO suffered
expectedly from the comparatively high equilibrium constant
K and propagation rate constant k, and build-up of the excess
nitroxide at the temperatures required to activate TEMPO,
resulting in ill-defined polymers. Reducing agents were
used to mitigate this issue but the best results for acrylate
homopolymerizations arrived with the advent of the second-
generation nitroxides such as TIPNO and SGI, which
permitted lower temperatures and thus lower k, and in turn
better polymerization control. The first polymerizations
reported using these latter two alkoxyamines employed n-
butyl acrylate (n-BA) as the model acrylate in bulk
conditions [10,11]. With the proliferation of these new
alkoxyamines, many acrylates were homopolymerized. Bulk
acrylate homopolymerizations using TIPNO initiators
include n-BA [12, 139-144], tert-butyl acrylate [145-148],
methyl acrylate [149], and succinimidyl acrylate [12]. In
bulk with SGl-type initiators, acrylates polymerized
included n-BA [150-152], hydroxyethyl acrylate [153, 154],
2-dimethylaminoethyl acrylate [155, 156], oligoethylene
glycol acrylate [157], fert-butyl acrylate [158-160],
hydroxypropyl acrylate [161, 162], 3-
hydroxypropyltriethoxysilane [108], 2-(N-carbazolyl) ethyl
acrylate [163, 164], (4’ -ethylbiphenyl-4-(4-
propenoyloxybutyloxy)benzoate) [165], 2,2-
tetrahydroperfluorodecyl acrylate [166], 2-
(acryloyloxy)ethylbenzyldimethylammonium chloride [93],
trimethylsilyl — propargyl acrylate [109], and N-
acryloxysuccinimide [167]. Sulfinyl nitroxides were also
used to polymerize ethyl and butyl acrylate below 90 °C
[168] while PROXYL radicals were used to polymerize n-
BA at low temperature [169].
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3.2. Solution acrylate polymerizations

Acrylate polymerizations in solution were often adopted to
control viscosity (and hence increase potentially the final
conversion/yield) or state of monomer (eg. solid) or to
control an exotherm. For example, acrylic acid (AA) was
polymerized in 30 wt% dioxane solution to control the
exotherm as bulk polymerizations became rapidly viscous,
accelerating loss of control [170-172]. Other NMPs using
TIPNO in homogeneous organic solution were done due to
the solid nature of the bulky monomers that are typically
targeted for organic electron materials [107, 109, 110, 173-
184].

An aspect of acrylate radical polymerizations is the
possibility of branching via chain transfer to polymer with
reactions such as back-biting [185]. Ahmad et al reported
that chain transfer to polymer for n-butyl acrylate was
reduced in RDRP versus conventional radical polymerization
due to the lower concentration of short-chain radicals in
RDRP, which is a source for branching [186]. Konkolewicz
et al. later modeled the effect of branching in ATRP versus
conventional radical polymerization and found that only in
certain acrylate systems will branching be lower than in
conventional radical polymerization [187].  This was
attributed to competing equilibria between
deactivation/activation and exchange and only when tertiary
radicals are de-activated rapidly will there be a significant
decrease in branching.

3.3. Acrylate polymerizations in dispersed aqueous media

Acrylate polymerizations in emulsion/miniemulsion
became more significant with the development of TIPNO
and SGI in the late 1990s, although TEMPO-based
miniemulsion polymerizations were reported for n-BA [188,
189]. Most of the NMP of acrylates in dispersed aqueous
media involved the use of n-BA. The details about the
mechanisms for the different types of polymerization (eg.
miniemulsion, emulsion and microemulsion) are left to other
excellent reviews [114-118, 190-191]. The simplicity of
using the miniemulsion polymerization, in terms of the
particle nucleation step, led to its wider adoption by many
groups working on NMP in dispersed media in the early
2000s. With the SG1-type of initiators, initial efforts focused
on using hydrophobic MONAMS and thus the nitroxide and
monomer would be in the oil-phase initially, stabilized by
the addition of a surfactant [151]. Linear increases in
molecular weight and P remained < 1.4 up to 80%
conversion at 115 °C. The latex was colloidally stable but the
particle size distribution varied considerably. Later,
MONAMS was replaced with BlocBuilder-MA, which can
be converted to a water-soluble form with addition of base,
followed by a two-step process consisting of a poly(n-BA)
seed latex and then followed by surfactant to prevent large
droplets from forming. The poly(n-BA) seed was
polymerized and then styrene was added to form a diblock
with high conversion, (80%) with M, = 61 kg mol"* My/M,
= 1.4 and solids content with 26 wt% and 330 nm sized latex
particles [151]. Progress from this point involved
derivatives of BlocBuilder-MA, such as DIAMA-Na, a
difunctional sodium salt formed by reaction of BlocBuilder-
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MA with tri(ethylene glycol) diacrylate [129]. The increased
charge density led to smaller particles with narrower particle
size distributions [129] (Figure 6).
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Figure 6: Schematic showing the effect of DIAMA-Na
(DIAMA shown below the micrographs a) and b). The
particle sizes were much smaller and the distribution
narrower when DIAMA-Na was used, which was attributed
to its increased charge density. Reprinted from Ref. [129]
Nicolas, J.; Charleux, B.; Guerret, O.; Magnet, S. Nitroxide-
mediated controlled free-radical emulsion polymerization
using a difunctional water-soluble alkoxyamine initiator.
Toward the control of particle size, particle size distribution,
and the synthesis of triblock copolymers. Macromolecules
2005, 38, 9963-9973. Copyright 2005 American Chemical
Society.

Later studies focused on making macroalkoxyamines
that would serve as both initiator and surfactant. Delaittre et
al used SGl-capped poly(sodium acrylate) as such
macroinitiators for styrene ab initio polymerization [130,
131]. The same researchers continued this theme, using a
neutralized poly(AA)-SG1 macroinitiator, to initiate the
polymerization of diethylacrylamide (DEAAm) in water at
112-120 °C in a pressurized reactor, resulting in a pseudo-
polymerization induced self-assembly (PISA) as the LCST
of the poly(DEAAm) in water is much lower (~ 32 °C) than
the polymerization temperature [192].

After cooling below the LCST, free diblock copolymer
chains resulted in a homogeneous solution. Additional
tailoring to make thermosensitive nanogels with multiple
functionality was done by adding styrene during the
dispersion polymerization and applying N,N-methylene
bisacrylamide cross-linkers [193, 194] (Figure 7 and 8). A
suspension-like polymerization using neutralized SG1-
terminated poly(AA) was also used to polymerize a
carbazole functional acrylate dispersed in toluene [160].
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Figure 7: Polymerization-induced self-assembly (PISA) for
for thermosensitive poly(NaA)-b-poly(DEAAm) nanogels.
Reprinted with permission from Ref. [193], Copyright ©
2007, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

100 nm

Figure 8: Cross-linked poly(NaA)-b-poly(DEAAm) nanogels
from dried solutions at pH = 11 and 80 °C. Reproduced from
Ref. [194] with permission from The Royal Society of
Chemistry.

A variation on the approaches described above was
applied to a poly(2-ethylhexyl acrylate)-SG1 macroinitatior
in toluene to initiate polymerizations of AA, 4VP and MAA
[195]. Further, poly(dodecyl acrylate)-SG1 was used to
initiate polymerizations of AA, MAA, 4-vinylbenzoic acid,
MMA, 4VP, 2-aminostyrene and tert-butyl acrylate. These
attempts were done to produce ionizable cores with AA or
MAA by delayed addition of MMA. Another example using
acrylate polymerizations with SGl-type initiators involved
dispersion polymerization in super-critical CO, [196].

4. METHACRYLATE POLYMERIZATIONS

4.1. Bulk methacrylate polymerizations

Methacrylic ester polymerizations by NMP were reviewed
comprehensively recently [197, 198]. Obviously, the most
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common methacrylic ester, MMA, has considerable
importance for resins used in a wide range of products, and
thus the ability to make a wider variety of products by
control of microstructure and molecular weight distribution
is highly appealing. The earliest attempts at using TEMPO
for MMA polymerizations resulted in failure, with the
inability to control the polymerization. Efforts were directed
as to why the polymerization failed; with the mechanism
elucidated that [-hydrogen abstraction was occurring,
resulting in terminal alkene groups [197, 198]. However,
copolymerizations with styrenics up to limited compositions
were successful. Even with the introduction of TIPNO and
SG1 initiators, methacrylate homopolymerizations were not
controlled and many kinetic studies followed to identify the
reasons for their failure. This eventually led to the
controlling co-monomer approach derived by Charleux and
co-workers  [13]. This approach examined the
copolymerization kinetics as a function of the two key
parameters controlling NMP: the average propagation rate
<k,> and average equilibrium constant between the dormant
and active chains <K>. Essentially, adding a small fraction
of co-monomer (2.2-8.8 mol% of styrene in the initial
composition) with a low K, such as styrene, dramatically
reduced the <k,><K>, and led to controlled polymerizations

(Figure 9).
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control in nitroxide-mediated polymerization of methyl
methacrﬁlate. Macromolecules 2005, 38, 5485-5492 [13].
Copyright 2005 American Chemical Society.
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This approach using styrene as a controller was thus
adopted for other methacrylates besides MMA, such as
methacrylic acid (MAA) [199], ethyl methacrylate (EMA)
[200], n-butyl methacrylate (BMA) [200], fert-butyl
methacrylate (t-BMA) [201], benzyl methacrylate (BzMA)
[202], glycidyl methacrylate (GMA) [203],
dimethylaminoethyl methacrylate (DMAEMA) [204],
diethylaminoethyl methacrylate (DEAEMA) [205], 5-
methacryloyloxy-2,6-norboranecarbolactone (NLAM) [206],
glucose-functionalized methacryloyl galactose (AcGalEMA)
[207], and 2-hydroxyethyl methacrylate (HEMA) [208].

Although styrene is often used as the controlling
comonomer, many others have been used such as 2-
vinylpyridine (2VP) for DMAEMA [209], SSNa for MAA
[210], and pentafluorostyrene (PFS) for GMA [211],
DMAEMA [212], oligo(ethylene glycol) methacrylate
(OEGMA) [212], NLAM [206], (3-hydroxyadamantyl
methacrylate (HAMA) [213, 214], 3-methyladamantyl
methacrylate (MAMA) [213, 214] and y-butyrolactone
methacrylate (GBMLA) [213, 214]. Other controllers have
imparted extra properties such as fluorescent VBK for MMA
[94, 215], MAA [160], DMAEMA [216], BzMA [217],
OEGMA and diethylene glycol methacrylate (DEGMA)
[218], morpholinoethyl methacrylate (MEMA) [219] and
methacryloyl ethyl pyrrolidone (MAEPR) [220]. 4-
vinylphenyl boronic acid (VPBA), which has a glucose
sensitive group, has been used to control MEMA [221]. An
organic protected SSNa, trioctylammonium p-styrene
sulfonate (SSTOA), has controlled GMA-rich
copolymerizations [222].  Non-styrenics have also been
reported as controllers for methacrylates such as acrylonitrile
(AN) [206, 209, 223-225], N, N dimethylacrylamide
(DMAm) [226] and even isoprene (I) was effective at 20
mol% in the initial composition for MMA mixtures [12].
There is no clear way to predict a priori how effective a
given controller will be for a particular methacrylate but
some experimental and theoretical considerations suggest the
reactivity ratio and stability of the end group are important,
as well as the individual k, and K for each of the co-
monomers [13, 94, 215]. Table 2 lists methacrylates
polymerized using the controlling co-monomer approach.

The controlling co-monomer approach is attractive for
its simplicity, but the inclusion of the co-monomer can be
viewed negatively (its effect on mechanical or physical
performance, for example) although in other cases it can be
viewed as imparting an additional desirable functionality
(polarity, fluorescence). More completely, a nitroxide that
could homopolymerize a methacrylate cleanly and then can
chain extend with a structurally different monomer would be
ideal. Guillaneuf et al. produced DPAIO as a candidate
alkoxyamine [17, also see Figure 1]. It was very effective in
controlling MMA with low D, but upon addition of a second
batch of monomer, the polymerization ceased to be
controlled after only a few cycles. Grubbs and co-workers
developed N-phenyl alkoxyamines with the intention of
polymerizing MMA and other methacrylate and then being
able to cross-over to a second monomer like styrene to
obtain the block copolymer [19, 20]. More recently, a
nitroxide was synthesized by a very robust synthetic scheme

Journal Name, 2014, Vol. 0, No. 0 8

and was able to homopolymerize MMA, which was then
used as a macroinitiator for chain extension with styrene [21,
22]. The clean cross-over from a methacrylate to a styrenic
is particularly exciting as microphase-separated block
copolymers could now be cleanly done with the respective
homopolymer segments by NMP. Although distributions
were broader at comparable temperatures to those used by
the co-monomer approach, slight increases in temperature up
to 100 °C were effective in reducing B ~ 1.3-1.4 [22].
Further optimization with this alkoxyamine should be
interesting to follow in forthcoming studies. Besides being
used in bulk for MMA [21, 22], the alkoxyamine (3-(((2-
cyanopropan-2-yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-
phenylpropanenitrile, see Figure 1 for structure) has been
extended to suspension and emulsion polymerization
conditions [227, 228].

4.2. Solution methacrylate polymerizations

Initially with TEMPO systems however, MMA/styrene
copolymerizations were done in solution as it was thought to
reduce the effect of radical build-up and exotherms [229-
230]; a similar strategy was adopted Johnson et al with 1-
alkylvinazene/styrene copolymerizations in DMF [231].
Polymerizations of methacrylate-rich compositions in ionic
liquids for making ion gels were not very successful with
TEMPO as the polymerizations had to be done at high
temperatures, resulting in low chain end fidelity and broad
molecular weight distributions [232, 233]. However, with a
BlocBuilder-MA initiator, methacrylate-rich compositions
using styrene as a co-monomer were controlled effectively in
1-butyl-3-methyl imidazolium bis (trifluoromethylsulfonyl)
imide ([CiC4Im][NTH]) [234]. Most methacrylate
polymerizations in organic solvent were done using
BlocBuilder-MA initiators, to reduce the effect of exotherms
or to solubilize solid monomers, with many of the examples
using the co-monomer approach. For those using styrene as
the controlling co-monomer in low concentrations, the
following polymerizations were done in dioxane solution:
MAA [199], EMA [200], BMA [200], GMA [203], t-BMA
[201], NLAM [206] and AcGAIEMA [207]. When VBK, a
solid, was used as the controlling co-monomer, the following
methacrylate-rich  copolymerizations were effectively
obtained in DMF: OEGMA [218], DMAEMA [216],
MEMA [219], MAEPYR [220] while another solid
controlling co-monomer, trioctylammonium p-styrene
sulfonate (SSTOA) was effective in controlling GMA using
NHS-BlocBuilder-MA in toluene at 90 °C [222].
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4.3. Methacrylate polymerizations in dispersed aqueous

media

Much of the innovation with methacrylates in
dispersed aqueous media by NMP has occurred during the
past decade, especially with the BlocBuilder-MA type of
initiators, particularly using water-soluble
macroalkoxyamines as surfactants/initiators. We will
focus on this particular mode in this section and forward
the reader to more comprehensive reviews of
emulsion/miniemulsion polymerizations [115-118, 235,
236]. Various water-soluble macroalkoxyamine initiators,
such as MMA/SSNa, MAA/S, were used to initiate
polymerizations [237-239]. From such macroinitiators,
nano-objects were formed via the PISA process [240-242].
PISA has drawn considerable attention, as it is a
convenient method to apply a one-pot synthesis to produce
nano-shaped objects in water with shapes such as rods,
spheres and cylinders. Examples of the PISA process are
shown in Figure 10. Here, pH was used to modulate the
shape from sphere to vesicles and to more eclongated
structures, and interestingly, despite the use of a non-ionic
poly(OEGMA-ran-S) macroinitiator that possessed only a
single terminal acidic group, it was significant enough to
cause a salting out effect due to the increase in ionic
strength. This change affected the lower critical solution
temperature (LCST) and thus the particle morphology
[242].

5. ACRYLAMIDE POLYMERIZATIONS

Secondary acrylamides such as N, N dimethyl acrylamide
(DMAm) [243], N, N diethyl acrylamide (DEEAm) [244],
N-acryloyl morpholine (4AM) [245-246], acryloyl
piperidine (4AP) [247] and N-
(isobutoxylmethyl)acrylamide [248] have been
polymerized easily by NMP with TIPNO and SG1 type of
initiators. Acrylamide has been polymerized in water by
NMP, with a linear relationship of molecular weight versus
conversion [249, 250]. However, chain extensions were
not conducted. More challenging has been primary
acrylamides such as n-isopropyl acrylamide (NIPAM)
[251-255] and methoxy propylacrylamide (MAPAM)
[256]. Both monomers and related alkoxyalkyl
acrylamides are of interest as the polymers exhibit LCST
behavior in water. ~ TIPNO mediated polymerization of
NIPAM was reported by Binder and co-workers [255], yet
by BlocBuilder-MA or with NHS-BlocBuilder-MA, poor
control was exhibited [256]. Some have postulated chain
transfer to solvent was prevalent in such systems, but it is
not conclusive at this point [257-261].

A related family of monomers that have not been
widely explored by NMP are methacrylamides.
Zwitterionic carboxybetaine methacrylamide monomers
were polymerized from surfaces using immobilized SG1-
based initiators [262]. Good control of the molecular
weight  distribution  was  observed. Another
methacrylamide with a protected amino group, N-(t-BOC-
aminopropyl)  methacrylamide  (tBOC-MAm), was
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terpolymerized with MMA and S or simply copolymerized
with S and indicated poor incorporation of tBOC-MAm
into the copolymer relative to the initial composition and
loss of chain end fidelity [263]. Maleimides have been
however copolymerized via BlocBuilder-MA in a sequence
controlled radical polymerization that placed primary
amino groups at selective locations along the chain via the
appropriate choice of donor/acceptor monomers [264].

Figure 10: Polymerization-induced self-assembly (PISA)
process using nitroxide-mediated polymerization as
observed with cryo-TEM. The water soluble macroinitiator
initiated the hydrophobic segment at different pHs: 4.0
(micrograph E2), 6.0 (micrograph E8) and 6.7 (micrograph
E9). Reprinted from Qiao, X.G.; Lansalot, M.; Bourgeat-
Lami, E.; Charleux, B. Nitroxide-mediated polymerization-
induced self-assembly of poly (poly (ethylene oxide)
methyl ether methacrylate-co-styrene)-b-poly (n-butyl
methacrylate-co-styrene) amphiphilic block copolymers.
Macromolecules 2013, 46, 4285-4295 [242]. Copyright
2013 American Chemical Society.

6. DIENE POLYMERIZATIONS

Dienes such as isoprene and butadiene could be
polymerized by NMP with TEMPO [265-268] and then
TIPNO [12, 269-278] type of initiators and later with SG1
type of initiators [279-287]. In comparison to other RDRP
techniques, isoprene polymerizations were hampered by
complexation with the metallic ligand used in ATRP [288]
but there have been many recent reports of isoprene
polymerizations by RAFT [289-293]. TEMPO controlled
diene polymerizations were characterized by relatively
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broad molecular weight distributions (B = 1.36-1.53) [266,
267]. TIPNO polymerizations had greatly reduced Ds [12]
and TIPNO related initiators such as 2,2-dimethyl-3-(1-(4-
(methoxycarbonyl)phenyl)ethoxy)-4-(4(methoxycarbonyl)

phenyl)-3-azapentane indicated that isoprene could be
controlled up to 60% conversion with linear A, versus
conversion and B ~ 1.2 at 125 °C for 72 h [269].
Furthermore, poly(styrene) macroinitiator ( A, = 4.2 kg
mol’!, B = 1.14, made to only 8% conversion) with good
chain end fidelity was used to cleanly initiate isoprene,
resulting in diblock copolymers (4, = 10.1 kg mol”, D =
1.14) after 46.5 h at 125 °C. The same group also used a
TIPNO functionalized PEO (g, = 5.2 kg mol”, D =1.1 to
initiate isoprene polymerization in xylene solution in a
pressurized vessel at 125 °C [270]. Conversions were kept
modest (< 40%) to avoid side reactions and most PEO-PI
block copolymers were monomodal with retention of low
D ~ 1.1 and pf,= 10-17 kg mol’, although reaction times
were relatively long (16-34 h). A similar strategy was
employed by the same group to study self-assembly of
PEO-poly(ethylene oxide-ran-butylene oxide)-PI (PEO-b-
P(EO-ran-BO)-PI) where the PEO-b-P(EO-ran-BO)
contained the TIPNO terminal group [271]. A 2.3 kg mol!
PEO-b-P(EO-ran-BO)-TIPNO initiated a series of triblock
copolymers with controlled molecular weights (1.4 < pf, <
5.1 kg mol!) and low D (1.05 < P < 1.20). From these
TIPNO-based initiators, iterations on the structure of the
initiator permitted the design of more complex
microstructures and resulting properties. For example, a
TIPNO group was placed at the end of a rod-like segment,
and subsequently initiated a batch of isoprene to make rod-
coil block copolymers [272]. Grubbs et al. elegantly
synthesized one-step alkoxyamines from commercially
available precursors and subsequently initiated isoprene
with modest degrees of polymerization.  The low
conversion polymerizations (16-25%) resulted in PIs with
M, = 5.0-9.4 kg mol” and B = 1.26-1.28 [273]. Braslau
and co-workers employed a bis-nitroxide in order to form
ABA triblock copolymers [274]. PIs with p,= 1.5 kg
mol! and P = 1.10 and 10.1 kg mol! and B = 1.18,
respectively, initiated DMAm outer blocks, resulting in
triblocks with total p#,= 7.0 kg mol”! and P = 1.23 and
40.0 kg mol! and B = 1.26, respectively. Related to
bifunctional initiation, a, o telechelic poly(butadiene) (PB)
was made from ROMP with TIPNO chain ends to initiate
styrene and isoprene end-segments [275]. The resulting tri
and pentablocks exhibited a disperse PB center block with
much more monodisperse end-blocks. Subsequent
hydrogenation of the dienes led to poly(ethylene)
containing segments and microphase separated structures,
despite the broad molecular weight distribution of the
center block. Star polymers emanating from 6 and 12-arm
TIPNO initiators did not however result in controlled
polymerizations with isoprene with broad molecular
weight distributions (D = 2.96) although the same dendritic
initiators worked well with styrene and methyl acrylate
[276]. Other dienes besides isoprene and butadiene can be
polymerized via TIPNO NMP. For example, Rzayev and
co-workers polymerized bicyclic dienes (Figure 11), which
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would be further functionalized for thermally cross-
linkable block copolymers and soluble poly(acetylene)
derivatives [277, 278]. They noticed more rapid
polymerizations with the bicyclic monomers compared to
isoprene due to the rigid s-cis coplanar conformation of the
diene.

Figure 11: Bicyclic dienes polymerized by NMP with
TIPNO type of initiators. Reprinted from Ref. [277] Luo,
K.; Rzayev, J. Living radical polymerization of bicyclic
dienes: Synthesis of thermally cross-linkable block
copolymers.  Macromolecules 2009, 42, 9268-9274.
Copyright 2009 American Chemical Society.

BlocBuilder-MA-mediated polymerization of dienes
was first reported by Matsuoka et al. who polymerized tBA
with SG1 and then used the resulting PtBA-SG1 as a
macroinitiator for isoprene polymerization [279]. After
deprotection, an amphiphilic PAA-PI diblock copolymer
resulted and the resulting material was examined for its
brush properties at water surfaces. No detailed kinetic
investigations were undertaken however. Hadziiaonnou
and co-workers synthesized a poly(3-hexylthiophene)-
based (P3HT) macroinitiator with a terminal alkene that
was coupled to BlocBuilder-MA via intermolecular radical
addition [280]. The resulting initiator was used to
polymerize isoprene in toluene at 115 °C and was very
slow compared to the same polymerization with styrene,
methyl acrylate and 4-vinylpyridine. The narrow molecular
weight distribution was retained but conversion of isoprene
only reached 17% after 24 h (P3HT-b-PI where M, p3ur =
6.0 kg mol"! and M, p1= 7.7 kg mol”!, D = 1.3). Following
these initial studies, detailed kinetic investigations were
pursued by Harrisson ef al [281, 282] and Bagryanskaya et
al [283]. In the former case, NMP of isoprene with several
SG1-type of initiators revealed controlled polymerizations
at 115 °C. Further, post-functionalize of the o and ® ends
could lead to different functionalities on each end. The
polymerizations tended to be slower compared to styrenic
or acrylic monomers at similar temperatures. Interestingly,
alkoxyamines with acidic initiating groups were consumed
more slowly compared to ester or cyanomethyl-
functionalized SG1; this was suggested to be due to
intramolecular hydrogen bonding that was supported later
by the findings of Bagryanskaya et al [283]. More diene
polymerizations have followed, based on the success of the
BlocBuilder-MA mediated polymerizations.  Anionic
exchange membranes were made from crosslinkable
isoprene containing precursors initiated by SG1 [284] and
phase inversion membranes [285] based on amphiphilic
diblock terpolymers were synthesized using the nitroxide
developed by Studer and coworkers [286]. Recently, an
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interesting extension to the diene family by NMP was
reported for myrcene [287], which is obtained from
renewable resources [293]. Myrcene (Myr) is convenient
compared to other dienes since it is not as volatile and thus
non-pressurized vessels can be used; this makes it
particularly amenable to emulsion polymerizations, as has
been recently described for conventional radical
polymerizations [294]. Myr was homopolymerized in bulk
at 120 °C with low D (1.1-1.4) with a succinimidyl ester-
functional BlocBuider (NHS-BlocBuilder-MA). The
resulting poly(Myr) cleanly initiated styrene and
styrene/Myr mixtures to afford the requisite block
copolymers [287]. Further, myrcene was statistically
copolymerized with styrene, with reactivity ratios of rg =
0.25-0.34 + 0.19 for styrene and rmy, = 1.88-2.19 for Myr
and the statistical P(Myr-staz-S) copolymers exhibited a
range of Tys from -77 to 30 °C, depending on Myr molar
fraction [287].

Another terpene related monomer to Myr that has been
(co)polymerized by RDRP is D-limonene [295-297]. Ren
and Dubé described the copolymerization of n-butyl
acrylate with D-limonene by BlocBuilder-MA with mixed
results [298]. Incorporation of D-limonene was poor,
polymerization rates were decreased with higher initial
composition of D-limonene and although the molecular
weight distributions remained relatively narrow with B =
1.2-2.3, sharp increases in M, at higher conversions,
indicating a loss of control. The failure of NMP to control
the copolymerizations was found to be due to a
competition  between  the activation-deactivation
equilibrium of the alkoxyamine and the degradative chain
transfer due to the allylic hydrogen in D-limonene [298,
299].

7. VINYL ESTER POLYMERIZATIONS

Monomers for radical polymerization processes are
generally grouped as being more activated monomers
(MAMs) (eg. styrenics, (meth)acrylates,
(meth)acrylamides) or less activated monomers (LAMs)
(eg. vinyl esters such as vinyl acetate (VAc), vinyl amides
such as n-vinylpyrrolidone (NVP) and vinyl carbazole
[29]. This difference in these classifications is due to the
stability of the radical. Most of the successful vinyl ester
polymerizations by RDRP processes have been due to
RAFT and the combination of unlike monomers in block
copolymers has been accomplished by a change in
mechanism by appropriate end group modification [300-
303] or by switchable RAFT agents [304-307]. With
respect to NMP, some reports suggested vinyl chloride
(VC) with TEMPO was homopolymerized at 70 °C and
block copolymers formed but no details about the activity
of the chain ends was provided [308]. Other early attempts
using TEMPO involved typically copolymerizations of
styrene with VAc and VPyr [309]. Interestingly, Yoshida
reported a photo radical polymerization using a TEMPO
based initiator for VAc that exhibited controlled behavior
(linear M, versus conversion) although the molecular
weight distributions broadened with time with D
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approaching 2 [310]. Later, more detailed investigations
into VC polymerization by NMP with BlocBuilder-MA
type of initiators was done, indicating that such
polymerizations were feasible at low temperatures (30-42
°C) in dichloromethane (DCM) or dimethyl sulfoxide
(DMSO) with sufficient chain end fidelity (91% SG1
functionality on the chain ends) to produce block
copolymers with MMA, and MMA/S mixtures [311].
Some interesting developments have occurred recently via
NMP with alternating copolymerizations involving LAMs.
Studer’s group copolymerized, in an alternating fashion,
hexafluoroisopropyl acrylate (MAM) with 7-octenyl vinyl
ether (LAM) relatively low LAM compositions [312].
Relatively high molecular weights (15.0-34.9 kg mol") and
narrow molecular weight distributions (P = 1.2-1.5) were
observed as well as evidence of alternating monomer
sequences. More recently with SGl-based initiating
systems, using the cue from the VC polymerizations with
BlocBuilder-MA, Ameduri and coworkers showed that
VAc could be copolymerized in an alternating fashion with
tert-butyl trifluoromethacrylate (MAF-TBE), even though
neither monomer was homopolymerizable (MAF-esters
cannot be polymerized by radical polymerization; they are
most often polymerized anionically) with NMP at the
given conditions (40 °C in DMSO) [313]. Linear evolution
of molecular weight with conversion was observed up to
M, =17 100 g mol"! and low B = 1.33) (Figure 12).

Poly(VAc-alt-MAF-TBE) Copolymer

Figure 12: Alternating copolymerization of vinyl acetate
(VAc) with fert-butyl trifluoromethacrylate (MAF-TBE)
using BlocBuilder-MA.  Reprinted from Ref. [313]
Banerjee, S.; Domenichelli, I.; Ameduri, B. Nitroxide-
mediated alternating copolymerization of vinyl acetate
with tert-butyl-2-trifluoromethacrylate using an SG1-based
alkoxyamine. ACS Macro. Lett. 2016, 5, 1232-1236.
Copyright 2016, American Chemical Society.

The control of sequence by this donor/acceptor
complex with 1:1 monomer sequences was confirmed;
however, attempts to chain-extend the poly(VAc-alt-MAF-
TBE)-SG1 with either VAc (at 40 and 65 °C) or S (at 120
°C) failed to form block copolymers. The authors
suggested the C-ON bond was not sufficiently labile to
permit addition of another new monomer (however
addition of an alternating pair was not attempted). Still,
the resulting amorphous copolymers could be further
functionalized or grafted from the ester sites along the
backbone. As is, the copolymers have potential as coatings
(particularly due to the low viscosity inherent with narrow
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molecular weight distribution polymers dissolved in
solvents) and as membrane materials.

8. CYCLIC KETENE ACETALS

The polymerization of cyclic ketene acetals (CKAs)
generated much interest in the 1980s as it used radical ring-
opening polymerization to make polyesters [314-316].
This feature allows degradability of vinyl-based polymers,
which is attractive for biomedical materials where
controlled degradation is desirable. Thus, incorporation of
monomers with cyclic ketene functionality has enabled
polymers with ester linkages along the backbone produced
by conventional and reversible deactivation radical
polymerization processes. This methodology was not
common via NMP until very recently with the use of SG1-
based initiators. Initial reports focused on using CKAs
such as 2-methylene-1,3-dioxepane (MDO) [317] and 5,6-
benzo-2-methylene-1,3-dioxepane (BMDO) [318, 319] as
co-monomers for methacrylic esters with controlling
comonomers such as acrylonitrile [319] (Figure 13).
Adding MDO and BMDO into formulations resulted in
almost complete inhibition of the polymerization. Further
studies about the nature of the CKA led to the development
of the more effective 2-methylene-4-phenyl-1,3-dioxolane
(MPDL, also abbreviated as MPDO), which was shown to
be an effective controlling co-monomer for methacrylates
[320-322]. It was postulated that the styrenic structure of
the MPDL facilitated cleavage of the MPDL-SGI
macroalkoxyamine, thereby permitting cross-propagation.
Improvements of the synthetic yield of MPDL were
recently reported and this should lead to further studies,
particularly with the non-cytotoxicity reported on various
cell lines from the various MPDL-containing copolymers
[322]. The combination of controlled vinyl polymerization
with a controller that is degradable suggests exciting future
applications in biomedical materials developed from SGI-
based initiators.
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Figure 13: Cylic ketene acetals (CKAs) commonly used in
NMP. Reprinted from Ref. [322], copyright © 2007,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

9. AZLACTONES

Various monomer systems that have been shown to be
capable of being polymerized by NMP have not been
utilized to their advantage. Azlactones are particularly
interesting for biological applications, as their ring
structure  permits reactions with many different
nucleophiles (eg. primary amines, thiols and hydroxyl
groups) and the related possibility of click chemistry [323].
Grubbs and co-workers have shown its promise with
TIPNO-type of initiators for the one of the most common
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azlactones such as 2-vinyl-4,4-dimethyl-5-oxazolone
(VDMO) as well as the styrenic azlactone 2-(4°-
vinyl)phenyl-4,4-dimethyl-5-oxazolone (VPDMO), and 2-
isopropenyl-4,4-dimethyl-5-oxazolone ~ (IDMO)  [324]
(Figure 14). VDMO was readily homopolymerized and
was statistically copolymerized with a number of
monomers such as S, MA, nBA, 2-methyl-methoxy
acrylate, t-BA, MMA (over a wide composition range from
10-75% MMA), DMAm, VPyr and acrylonitrile, resulting
in copolymers with low D = 1.04-1.39 at polymerization
temperatures = 123 °C [324].

VDMO VPDMO IDMO
1. L T
N” 0 N7 0
HO Ho
N7 0

1%

Figure 14: Various azlactone monomers — VDMO has been
polymerized by NMP and copolymerized with several co-
monomers. Reprinted from Tully, D. C.; Roberts, M. J;
Geierstanger, B. H.; Grubbs, R. B. Synthesis of reactive
poly(vinyl oxazolones) via nitroxide-mediated “living”
free radical polymerization. Macromolecules 2003, 36,
4302-4308 [324]. Copyright 2003 American Chemical
Society.

VPDMO polymerized much like a styrenic monomer by
NMP while IDMO could not be homopolymerized and
resembled an MMA homopolymerization with TIPNO
(uncontrolled and high B > 1.5), which is not surprising.
However, when just a relatively small concentration ~ 30
mol% of co-monomer such as styrene was added, the
control of molecular weight was enhanced dramatically.
Block  copolymers with styrene from VDMO
macroinitiator were attaininable while poly(VDMO-b-
nBA) could only be accessed using a poly(BA)
macronitiator, suggesting that VDMO in a terminal
alkoxyamine was not an efficient initiator for acrylates. It
should be noted however that recently azlactone functional
SG1-basedalkoxyamines have been prepared and used as
initiators for NMP of other monomers such as styrene,
nBA and MMA/AN [325].

10. 1-ALKENES

l-alkenes such as 1-hexene and 1-octene and norbornenes
were shown to be copolymerizable with acrylates using
TIPNO [326, 327]. Rates were sluggish as the initial
concentration of the alkene was increased. For 1-hexene
copolymerizations with methyl acrylate ([1-hexene]:[MA]
= 1:2 to 3:4 mol:mol) to over 20 mol% in the initial
monomer mixture, yields ranged from 30 to 15%,
respectively, after 15 h polymerization at 120 °C. The
maximum incorporation of the 1-hexene was 6.8-9.7 mol%
but the molecular weight distributions remained narrow
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(1.08-1.13) [326]. The authors suggested that termination
reactions with the alkenes were more prominent. In the
same study, the authors copolymerized various norbornene
derivatives as these were suggested to have effective etch
resistance in photolithographic applications. 50/50 molar
compositions of methyl acrylate with the norbornene
provided copolymers with up to 30 mol% norbornene
incorporation and modest molecular weights (4800-7500 g
mol'; which is generally good for photolithographic
applications) but still relatively narrow, unimodal
molecular weight distributions (1.17-1.51). Again, yields
of copolymers were typically low ~ 30 wt% after long
polymerization times of 15 h at 120 °C. Table 3 shows the
various l-alkenes copolymerized with acrylates using
TIPNO along with their relevant characteristics.

Table 3: 1-Alkenes copolymerized with methyl acrylate
using TIPNO type of alkoxyamine initiators.

Monomer | Norbornene M," MM, Yield (g)
| imcorp. (mol %s)
TN (T80 17000 [1a7 18,
B
/ 7
f s
(0.04 mol, 3.77 g)
[\ a1 7300|131 21
f"'-hﬂ"
A
=T
N
(004 mol, 4.32 &)
M, | 255 4,800 .43 13
BNy
/
L <j
COCH,
(004 mol, 6.08 )
\. 249 [0 126 22
Yol i
L
eyl
(004 mol, 6,10 g)
\ | 28.1 7.500 1.33 3.0
ff’ﬂ_\&a
OtEu
(0.04 mol, 7.76 g)

Reprinted from Ref. [326] Gu, B.; Liu, S.; Leber, J. D;
Sen. A. Nitroxide-mediated copolymerization of methyl
acrylate with 1-alkenes and norbornenes. Macromolecules
2004, 37, 5142-5144. Copyright 2004 American Chemical
Society.

CONCLUSION

The various families of monomers that NMP can be used
to attain functional polymers have occurred in step with
developments in the alkoxyamine initiators. The earliest
TEMPO systems were dominated by control of styrenic
monomers and many commercially relevant monomers such
as (meth)acrylates and (meth)acrylamides were only
polymerizable when copolymerized with styrenics with high
content of the latter. As the TIPNO and SG1-based initiators
were developed in the late 1990s-early 2000s, the monomers
that could be polymerized by NMP were expanded to
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acrylates and acrylamides and methacrylates, with some
modification (eg. the co-monomer approach). In situ NMP
has controlled homopolymerization of methacrylates and
newer alkoxyamines such as DPAIO, TITNO, phenyl
alkoxamines and others have indicated some control over
methacrylates, with newer initiators being very promising.
Vinyl esters such as VC have been homopolymerized
effectively recently, and some like VAc can be copolymerized
in an alternating fashion with the appropriate choice of co-
monomer. Vinyl esters remain somewhat elusive by NMP.
Further, other monomer families such as vinyl azlactones and
cyclic ketene acetals represent an interesting potential area for
NMP that has not been fully explored: biological materials,
particularly since they contain no metallic residues.
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