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ABSTRACT: n-Butyl acrylate has been polymerized in the presence of an alkoxyamine initiator derived
from the PROXYL nitroxide 2,2′,5-trimethyl-5′-phenylpyrrolidinyl-1-oxyl. It was found that polymerizations
were rapid, reaching almost complete conversion within 2 h; in contrast, no conversion was observed
when TEMPO was used as the mediator. The addition of a small amount of free nitroxide resulted in
slower polymerizations although an induction period, the length of which varied with excess nitroxide
concentration, was observed. Size exclusion chromatography indicated that polymerization control was
poor; Mn initially increased rapidly and then much more slowly, and polydispersities were found to be
broad and to increase with conversion. Quantitative 13C NMR spectroscopy revealed the resulting poly-
(n-butyl acrylate) to be branched. Despite the poor control, the PBA was able to act as a macroinitiator
for the polymerization of styrene, yielding a block copolymer with a growth in Mn and a reduction of
polydispersity with conversion. It is suggested that the polymerization of n-butyl acrylate in the presence
of the substituted PROXYL derivative is living but not controlled.

Introduction

Controlled radical polymerization (CRP) is a tech-
nique for the preparation of polymers of tailored archi-
tectures using experimentally simple techniques.1 The
CRP methods that have received the most attention are
nitroxide-mediated radical polymerization (NMRP),2,3

atom transfer radical polymerization (ATRP),4 and
reversible addition-fragmentation transfer (RAFT) po-
lymerization,5 the first two of which are characterized
by a mechanism that involves equilibria between dor-
mant and active polymerizing moieties. For NMRP, this
involves nitroxide stable free radicals, such as TEMPO
(1),2 which combine rapidly but reversibly with alkyl
radicals (Scheme 1). In addition to the reactions shown
in Scheme 1, irreversible termination between carbon-
centered radicals occurs, leading to dead material.
However, this causes an excess of nitroxide relative to
alkyl radicals to be produced, which consequently sup-
presses further irreversible termination. This is known
as the persistent radical effect (PRE),6 and its result is
that the growth of the chains after an initial period
occurs in a controlled fashion. In addition, it has been
demonstrated that reinitiation and block copolymer
formation are possible in NMRP as the vast majority of
chains have terminal nitroxide residues once the po-
lymerization is complete.

After seminal early work by Georges et al.,3,7 it was
realized that 1 was largely unsuitable for the bulk
polymerization of monomers other than styrene or
derivatives thereof, in particular acrylates and meth-
acrylates being beyond its scope. This was reckoned8 to
be due to the low equilibrium constant between dormant
and active species (in Scheme 1, K ∼ 10-11). The
associated low radical concentration is supplemented by
the autopolymerization of styrene at reaction temper-
ature (typically 125 °C). Nonetheless, recent work9 has
shown that poly(styrene-b-n-butyl acrylate) copolymers
can be prepared in miniemulsion with TEMPO at 135
°C. An initially prepared polystyrene seed latex is
swollen with n-butyl acrylate and heated for 6 h at 135

°C, yielding a block copolymer latex of narrow polydis-
persity (1.18) in quantitative yield. It was speculated
that TEMPO was partitioning between aqueous and
organic phases, leading to a lower concentration at the
locus of polymerization and thus permitting a reason-
able rate of polymerization. Addition of ascorbic acid to
the aqueous phase, to reduce excess TEMPO, enabled
the miniemulsion homopolymerization of n-butyl acry-
late although polydispersities were quite broad (1.6-
1.9).10 Despite the above reports, TEMPO is not an ideal
mediator for acrylate polymerizations. Recent years
have seen the development of novel nitroxides based on
open-chain structures, DEPN (2) and TIPNO (3), Chart
1, which have been shown to be much more success-
ful.11,12 These can mediate effectively the polymerization
of styrene as well as monomers such as acrylates and
acrylamides. It has been shown that such nitroxides
produce significantly higher values of K than TEMPO
(10-8-10-9) and so can be used to mediate the polym-
erization of monomers that do not undergo autopoly-
merization.13 Recent work by Fischer and co-workers14

has further elucidated the reasons for the differences
between TEMPO and DEPN. DEPN always leads to
higher values of kd together with lower kc than TEMPO,
due to increased steric bulk of the former. For a given
combination of nitroxide and monomer, there exists a
range of values of kc, kd, and kp that permit a living and
controlled polymerization. For TEMPO with styrene,* Corresponding author: e-mail n.r.cameron@durham.ac.uk.

Chart 1. Structures of DEPN (2), TIPNO (3), and the
Nitroxide and Alkoxyamines Employed in the Present

Study
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both livingness and control are predicted and are
observed; however, for n-butyl acrylate kp is much too
large, leading to living but uncontrolled polymerizations
(broad polydispersities). DEPN, on the other hand,
fulfills all the conditions for living and controlled
polymerizations with both styrene and n-butyl acrylate,
although the latter monomer gives very rapid polymer-
izations and an excess of free nitroxide is required to
provide control.

A common perception is that all cyclic nitroxides
perform like TEMPO and that open-chain structures are
the only species to behave any differently. However,
examination of the literature shows this not to be the
case; in particular, substituted pyrrolidinyloxyl (PROX-
YL) derivatives, the five-membered ring analogues of
TEMPO, have been shown to give faster styrene polym-
erization than TEMPO. Veregin et al.15 demonstrated
that 3-carboxy-PROXYL did indeed mediate styrene
polymerization significantly more rapidly than TEMPO,
when used in conjunction with benzoyl peroxide (BPO)
as the radical source. Furthermore, ESR experiments
indicated that a model low molecular weight alkoxyamine
derived from the PROXYL species had a C-O homolysis
activation energy ∼20 kcal mol-1 lower than that for
the corresponding TEMPO analogue. A chiral C-2
symmetric 2,5-diphenyl-subsituted PROXYL derivative
has been used in CRP employing BPO in a bimolecular
initiating strategy.16 This mediator was also found to
result in a significantly faster polymerization of styrene
than TEMPO. The IBM group led by Hawker in col-
laboration with Braslau et al. also employed this media-
tor in the form of an alkoxyamine unimolecular initiator
and similarly observed a faster rate of styrene polym-
erization compared to TEMPO.12 Furthermore, it was
shown that n-butyl acrylate could be polymerized in its
presence, although broad polydispersities (∼2) were
obtained. Yamada and co-workers17 employed a number
of PROXYL nitroxides to polymerize styrene, and it was
found that ring-substituted species led to rate enhance-
ments over TEMPO or PROXYL itself. However, the
polymerizations employed bimolecular initiating sys-
tems, which are less reliable than alkoxyamines. Work-
ers at Ciba18 trapped cyanopropyl radicals with the
nitrone 2,5,5′-pyrrolidin-N-oxide, generating a substi-
tuted PROXYL species. The rapid and controlled po-
lymerization of styrene with this mediator was observed,
but n-butyl acrylate resulted in broad polydispersities
and poor control. Viklund et al.19 used 3-carboxy-
PROXYL as a mediator to prepare poly(styrene-DVB)
porous monoliths with high surface areas and perme-
abilities and observed that polymerizations proceeded
much more rapidly than with TEMPO.

From these studies, it is evident that PROXYL species
behave differently from their six-membered ring ana-
logues and indeed that there is scope for the polymer-
ization of acrylates, which to our knowledge is not
possible in bulk with TEMPO. The reasons for the
differences between the two mediating systems are not
clear, and evidently there is scope for further investiga-
tion. In our previous work,20 we examined the influence
of the structure of PROXYL nitroxides substituted in
the 2-position on the polymerization of styrene and
found that one variant bearing a phenyl group (4) could
lead to a controlled polymerization that proceeded more
than twice as fast as that involving 1. In the work
described here, we report our results on the use of
PROXYL nitroxide 4 to mediate the polymerization of

n-butyl acrylate. Polymerizations have been conducted
using alkoxyamines (5 and 6), which generate the
nitroxide mediators during polymerization, as the ini-
tiating species.

Experimental Section
Materials and Instrumentation. n-Butyl acrylate and

styrene were freed of inhibitor by passing through basic
alumina and were distilled under N2 immediately prior to use.
TEMPO (1) was purified by vacuum sublimation. Size exclu-
sion chromatography (SEC) at 30 °C with refractive index,
viscosity, and light scattering detectors, using THF as a solvent
at a flow rate of 1 mL min-1, was employed to determine
molecular weights and molecular weight distributions. NMR
spectroscopy was performed using a Varian Inova 300 MHz
spectrometer, employing CDCl3 as a solvent. Spectra were
referenced to the CHCl3 impurity in the solvent, at 7.27 δ.

Synthesis of Nitroxides and Alkoxyamines. Nitroxide
4 and alkoxyamine initiators 5 and 6 were synthesized and
purified according to known procedures;20,21 characterization
data in all cases were in agreement with literature values.20,22

n-Butyl Acrylate Polymerization. A solution of n-butyl
acrylate (5.0 g, 39 mmol) and alkoxyamine (5 or 6, 0.125 mmol)
in a round-bottomed flask was degassed by three freeze-
pump-thaw cycles. The flask was back-filled with N2 following
the last cycle. The solution was then divided between several
previously purged GC vials with PTFE seals by syringe
transfer. The vials were heated at 125 °C in an oil bath,
withdrawn periodically, and immediately cooled in an ice bath.
Conversion was determined by 1H NMR spectroscopy; molec-
ular weights and polydispersity were determined without
further purification by SEC.

Styrene Polymerization Initiated by a Poly(n-butyl
acrylate) Macroinitiator. Poly(n-butyl acrylate) was pre-
pared from n-butyl acrylate (5.0 g, 39 mmol) and alkoxyamine
6 (48 mg, 0.125 mmol) as described above and was isolated by
precipitation into methanol followed by decantation and drying
in vacuo, giving 4.8 g (95%) of polymer. SEC analysis of the
product gave Mn ) 30 800, Mw ) 68 100, and Mz ) 112 000 g
mol-1. The resulting PBA macroinitiator (4.0 g, 0.1 mmol of
nitroxide moiety) was added to styrene (5.0 g, 48 mmol), and
polymerization was conducted as described above.

Results and Discussion

Our initial studies involved heating a solution of 5 in
n-butyl acrylate at 125 °C for 12 h, after which time
very little conversion had been achieved (Figure 1). In
contrast, 6 under the same conditions led to essentially
complete (96%) conversion to polymer after only 4 h.
Therefore, it can be seen that the structure of the
nitroxide component of the alkoxyamine has a profound
influence on the latter’s ability to bring about the
polymerization of n-butyl acrylate. Some scatter in the

Figure 1. Polymerization of n-butyl acrylate in the presence
of 0.125 mmol of 5 (b) and 6 (9).
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data can be seen in Figure 1 (the third data point for
alkoxyamine 5; points 2 and 3 for alkoxyamine 6). This
is probably due to the experimental procedure, where
the polymerization mixture is divided between a number
of prepurged vials. This method was employed as it was
found to be impossible to sample a solution by syringe
at moderate conversions, due to very high viscosities.
However, it is more prone to error as many more
reaction vessels need to be prepared, increasing the
possibility of oxygen ingress.

The polymerization of n-butyl acrylate in the presence
of 6 was further investigated. As shown in Figure 2,
high conversion to polymer was observed after 1 h of
reaction (the first data point to be sampled). Related
studies by Hawker et al.12 and Lacroix-Desmazes et al.23

describe the rapid and uncontrolled polymerization of
n-butyl acrylate unless a small excess of nitroxide,
typically 5 mol % relative to the alkoxyamine concentra-
tion, is added. This produces an excess of nitroxide
relative to propagating radicals from the beginning of
the polymerization, which leads to a more controlled
reaction. Also shown in Figure 2 are the results of
polymerizing n-butyl acrylate in the presence of 6 plus
a small excess of nitroxide 4. It can be seen that excess
nitroxide concentrations of either 0.03 or 0.05 equiv lead
to high but incomplete conversion after 1 h, followed
by a steady increase in conversion over time. A higher
amount of added nitroxide results in an induction period
extending beyond the first hour of reaction. Figure 2
appears to indicate that polymerization with 0.05 equiv
of excess nitroxide is more rapid than that with 0.03
equiv added. However, this is a misleading conclusion
as conversion is already high (>63%) when the first data
point is sampled. More meaningful information is
obtained by comparing different excess nitroxide con-
centrations during the first hour of polymerization.
Consequently, the experiments depicted in Figure 2
were repeated with samples being taken every 5 min
over the first hour; the results are presented in Figure
3. As in Figure 2, an excess nitroxide concentration of
0.10 equiv leads to a long induction period of around 1
h, whereas lower added quantities of 4 result in shorter
periods of low or zero polymerization (around 20 min
for 0.03 equiv added). For an excess nitroxide concen-
tration of 0.03 equiv, the polymerization proceeds at a
constant rate with a linear increase in ln([M]0/[M]),
indicating a constant number of polymerizing centers.
The reason for the presence of the induction period is
unknown. Zero polymerization implies that the equi-

librium in Scheme 1 lies too far to the left. A finite
period of no polymerization followed by rapid conver-
sion, i.e., an induction period, suggests that the equi-
librium constant is changing during the reaction. This
could be brought about by nitroxide decomposition
during polymerization, an explanation used by Lacroix-
Desmazes et al.23 to describe an upward deviation in
the gradient of the plot of ln([M]0/[M]) vs time for the
polymerization of n-butyl acrylate mediated by 2. Al-
ternatively, the ending of the induction period could
occur by external radical generation. Since n-butyl
acrylate is widely believed to be unsusceptible to auto-
polymerization, such radicals would have to be gener-
ated by impurities such as peroxides. Both processes
would result in a reduction of excess nitroxide concen-
tration, altering the position of the equilibrium in
Scheme 1 until polymerization was permitted to occur.
The direct dependence of the length of the induction
period on the quantity of excess nitroxide added lends
weight to these arguments. Attempts to identify perox-
ide impurities by headspace GC-MS were unsuccessful,
suggesting that external radicals are not responsible.
However, at the present time we are otherwise uncer-
tain of the source of the induction period. There appears
to be discrepancies in conversion between polymeriza-
tions conducted in the presence of the same quantity of
added nitroxide. For instance, with 0.1 equiv of added
4 zero conversion is found after 1 h in Figure 2, whereas
conversion is around 60% after 55 min in Figure 3. We
ascribe these differences to errors in the timing of
sampling, which are greatly exacerbated by the speed
of polymerization. Other differences between Figures 2
and 3 are most likely due to inherent errors in NMR
integration.

Molecular weight data for the samples obtained in the
presence of 6 and an excess nitroxide concentration of
0.03 equiv are presented in Figure 4. What is im-
mediately apparent is that the polymerization is poorly
controlled. Mn increases very rapidly to around 50 000
at low conversion, much higher than that predicted on

Figure 2. Polymerization of n-butyl acrylate in the presence
of 0.125 mmol of 6 and a small quantity of 4 relative to 6: 0
equiv ([); 0.03 equiv (b); 0.05 equiv (9); 0.10 equiv (2).

Figure 3. Initial period of the polymerization of n-butyl
acrylate in the presence of 0.125 mmol of 6 and a small
quantity of 4 relative to 6: 0.03 equiv (b); 0.05 equiv (9); 0.10
equiv (2).

Scheme 1. Equilibrium between Dormant and Active
Species in Nitroxide-Mediated Radical

Polymerization (NMRP)
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the basis of the ratio of alkoxyamine to monomer, and
then does not rise much on increasing conversion. Mw
and especially Mz increase to very high levels with
increasing conversion, as does polydispersity. These
data indicate that the control over the polymerization
mediated by 4 is poor and are comparable to previous
results obtained for the polymerization of n-butyl acry-
late with PROXYL nitroxides. For example, Hawker and
Barslau et al.12 obtained PBA of Mn ) 32 000 (theoreti-
cal 25 400) and polydispersity ) 2.05 with an alkoxy-
amine derived from 2,5-dimethyl-2,5-diphenylpyrroli-
dinyl-1-oxyl after 16 h at 123 °C. Zink and co-workers18

similarly observed molecular weights much higher than
predicted together with broad polydispersities for the
polymerization of BA in the presence of an in-situ
formed PROXYL nitroxide.

Branching in n-butyl acrylate polymerization is well-
known24 and has been observed during both its atom
transfer radical polymerization25 and nitroxide-medi-
ated CRP in bulk and miniemulsion.26 We performed
quantitative 13C NMR spectroscopy to investigate
whether branching was occurring in our polymeriza-
tions. Figure 5 shows the spectrum of PBA after 46%
conversion and the presence of small signals at around
39 and 48 ppm (circled) can clearly be seen. Following
the work of Lovell et al.,24 we assign these to the CH2/
CH and the quaternary C resonances of the monomer
units adjacent to a branch point. Although the extent
of branching was not quantified, the size of the peaks

in Figure 5 suggests that it is similar to that found by
Farcet et al.,26 and so we estimate it to be around 2%
at complete conversion. Branching in n-butyl acrylate
polymerization can occur by either an inter- or an
intramolecular (backbiting) mechanism. Lovell and co-
workers24 found that the mechanism of transfer de-
pended on the concentration of monomer in solution
polymerizations, intramolecular processes occurring in
dilute solution switching to an intermolecular mecha-
nism at higher concentration. In contrast to this, Char-
leux et al.26 concluded that backbiting dominates in
nitroxide-mediated n-butyl acrylate bulk and miniemul-
sion polymerization. The differences may be due to the
higher temperature used in the latter case (112 vs 70
°C). Although branching in PBA has been demonstrated,
we conclude that the high polydispersities shown here
are more likely to be due to poor control. The possible
reasons for this are discussed below.

Despite the poor control over the polymerization of
n-butyl acrylate by 4, we decided to investigate the
ability of the resulting poly(n-butyl acrylate) to act as
a macroinitiator for subsequent polymerizations. Ac-
cordingly, PBA was prepared by polymerization of
n-butyl acrylate by 6 at 125 °C for 12 h. The resulting
polymer was isolated by precipitation, dried to constant
mass in vacuo (95% yield; Mn ) 30 800, Mw ) 68 100,
and Mz ) 112 000 g mol-1) and subsequently added to
a charge of styrene. The solution was divided between
a number of sample vials, which were heated at 125 °C
and withdrawn periodically. The polymerization of
styrene with time is shown in Figure 6 and is seen to
proceed linearly up to around 50% conversion. This
indicates that the PBA macroinitiator is indeed capable
of initiating the polymerization of styrene. However, the
polymerization appears to stop at longer times, indicat-
ing that termination and loss of activity occur.

The molecular weight data of the resulting p(BA-S)
copolymers were obtained again by SEC. Interestingly,
Mn was seen to increase with conversion and the
polydispersity to decrease (Figure 7). This indicates a
controlled polymerization, suggesting that the PBA
macroinitiator is capable of producing a block copolymer
and that the polymerization of styrene proceeds in a
controlled manner (although Mn lies slightly above the
theoretical values based on the ratio of macroinitiator
to monomer). SEC data obtained with a light scattering
detector (Figure 8) indicate that the molar mass of the
PBA macroinitiator increases on reinitiation with little
or no evidence of bimodality in the block copolymer
trace, indicating that the macroinitiator contained little

Figure 4. Molecular weight data, obtained by SEC, for the
polymerization of n-butyl acrylate in the presence of 0.125
mmol of 6 and 0.03 equiv of 4 relative to 6: Mn ([); Mw (9);
Mz (2); Mw/Mn (×). Dotted line shows the theoretical evolution
of Mn with conversion.

Figure 5. Quantitative 13C NMR spectra of poly(n-butyl
acrylate) prepared in the presence of 6 at 46% conversion

Figure 6. Polymerization of styrene initiated by a PBA
macroinitiator.
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or no dead PBA material. The narrowing of the poly-
dispersity values of the copolymer is most probably due
to better control over formation of the styrene block plus
its assumed linearity, as styrene has little or no
propensity for branching.

The ability of PBA to initiate and induce some control
in the polymerization of styrene with little evidence of
dead material indicates that the vast majority of PBA
chains possess a nitroxide moiety. However, the poly-
merizations are characterized by poor control and broad
polydispersities. Fischer6,27 has pointed out that living
character and polymerization control are separate phe-
nomena and that it is indeed possible to have a living
polymerization, producing little or no dead material,
that gives a broad polydispersity product. Livingness
is determined by K, which has a limiting value, depend-
ent on kp and kt for the monomer in question, above
which large fractions of dead material are produced at
high conversion. On the other hand, control is deter-
mined by the product kdkc, which should be larger than
a threshold value, again peculiar to each monomer,
required to give a low polydispersity. Thus, for a given
set of values of kp and kt and initial initiator concentra-
tion there is a range of values of kd and kc that gives
rise to a polymerization that is both living and con-
trolled. It is likely that the product kdkc for 4 in n-butyl
acrylate is relatively small, leading to poor control, while

K ()kd/kc) is still sufficiently low to ensure that little
dead material is produced. The differences in perfor-
mance between 4 and TEMPO (1) could be due to
differences in kd and kc; we found previously20 that 4
gave a higher rate of styrene polymerization than 1,
which suggests a higher value of K. The results of an
investigation of the homolysis of alkoxyamine 6 and
related compounds will be reported elsewhere. Fischer
et al.14 recently predicted that the polymerization of
n-butyl acrylate with TEMPO should also show living/
uncontrolled characteristics. However, in our hands very
little conversion of n-butyl acrylate occurred in the
presence of TEMPO. It is known that TEMPO is prone
to causing hydrogen abstraction,28 and indeed we have
found that the 1-phenethyl alkoxyamine derived from
1 gives rise to much more styrene and hydroxylamine
than the corresponding alkoxyamine obtained from 4.29

This may in fact be the crucial difference between 4 and
1.

Conclusions

An alkoxyamine derived from a PROXYL nitroxide
is able to mediate the polymerization of n-butyl acrylate,
but control is much poorer than that achieved with
initiators produced from open-chain nitroxides. Branched
poly(n-butyl acrylate) is produced, which is able to act
as an efficient macroinitiator for the polymerization of
styrene, indicating that most PBA chains possess a
nitroxide moiety. It is suggested that the polymerization
of n-butyl acrylate in the presence of 4 is living but not
controlled. Differences observed between PROXYL ni-
troxides and TEMPO may be due to differences in
equilibrium constant between dormant and active chains
or to a greater tendency of TEMPO to bring about
â-hydrogen abstraction at the active center.
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