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ABSTRACT: The influence of nitroxide concentration, solvent, and temperature on the
nitroxide-mediated radical polymerization of 3-vinylpyridine (3VP) was examined.
Long-chain poly(3-vinylpyridine)s with low polydispersities were synthesized. The ini-
tial 2,2,6,6-tetramethylpiperidin-1-oxyl concentration had no influence on the kinetics
of the polymerization but was responsible for the obtained molar weights. Compared
with the polymerization of styrene, the polymerization of 3VP proved quite fast. The
influence of temperature on the reaction rate was also demonstrated, and the polymer-
ization could be controlled even at 110 °C. Some polymerizations were also performed
in solution to test the influence of a solvent such as ethylene–glycol, whose effect on the
polymerization of 3VP was dependent on temperature. © 2000 John Wiley & Sons, Inc. J
Polym Sci A: Polym Chem 38: 3067–3073, 2000
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INTRODUCTION

For a few years now, and especially since the
pioneering work of Rizzardo,1 controlled radical
polymerization has become the focus point of a
growing interest. This technique can yield poly-
mers with controlled architectures and narrow
molar weight distributions such as those obtained
by ionic polymerizations but without demanding
experimental conditions. In 1993, Georges et al.2

emphasized the behavior of nitroxide radicals as
potential control agents, thus developing a new
method called nitroxide-mediated radical poly-
merization (NMRP). This method is based on the
existence of dormant species, called adducts,
which are formed by the reversible association of

the growing polymeric radical with a nitroxide.
The theoretical scheme has been extensively
studied, mainly by Georges,3,4 Fischer,5,6 Maty-
jaszewski,7–11 and Fukuda.12–14 All radicals gen-
erated by the decomposition of the initiator are
very quickly transformed into dormant species by
nitroxide capping, and the radical concentration
in the bulk is very low, which reduces transfer
reactions as well as irreversible termination reac-
tions due to bimolecular combination. Autoinitia-
tion is supposed to ensure that a sufficient
amount of radicals is always present in the me-
dium to enable the polymerization to go on at a
reasonable rate. Newly formed radicals are
capped by nitroxide moieties that stem from the
reversible dissociation of formerly existing ad-
ducts. The propagation itself is allowed because
its rate is at least equal to the exchange rate.

NMRP represents a very interesting route to
synthesizing polymers with a precisely controlled
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size and was originally devoted to studies con-
cerning industrial monomers, such as styrene,
acrylates, and methacrylates. However, even
though new nitroxides15,16 have triggered recent
interest, the field of new monomers different from
styrene and its derivatives that can be polymer-
ized in the presence of 2,2,6,6-tetramethylpiperi-
din-1-oxyl (TEMPO) has scarcely been broadened.
Among them, 4-vinylpyridine (4VP) has recently
been studied.17,18 Its free-radical polymerization
with TEMPO as a capping agent proceeds in a
pseudoliving manner, providing low-polydisper-
sity (1.05–1.50) poly(4-vinylpyridine)s whose
chain growth can be controlled. Whatever the po-
sition of the vinyl substituent, vinylpyridines
bear a nucleophilic basic nitrogen atom that can
be quaternized, providing interesting amphiphilic
species.19,20 In that perspective, controlled radical
polymerization reveals a very accurate means of
obtaining new amphiphilic cationic copolymers
with a block structure whose behavior is likely to
depend on the position of the nitrogen atom with
respect to the main chain. Before the synthesis of
block copolymers, it was interesting to investigate
the behavior of 3-vinylpyridine (3VP) in terms of
bulk NMRP, which is the first objective of this
article. Indeed, compared to its homologue 4VP,
3VP presents a different polarization of the poly-
merizable group. The electronic distribution on
the pyridinic ring, along with resonance effects,
may influence the dissociation of the COTEMPO
bond and, consequently, the kinetics of the overall
polymerization. A substantial part of this work is
also devoted to the study of the reaction in a
high-boiling-point solvent, ethylene–glycol, be-
cause of the interest in solvents in this type of
polymerization. As a matter of fact, solvents en-
able the reaction to be conducted without any
limitation in conversion for polymers with a high
glass-transition temperature and for which bulk
polymerization might result in early precipitation
or the formation of an extremely viscous mixture.
Furthermore, solvents also allow the use of high-
melting-point monomers (e.g., salts) in the fields
of homopolymerization and copolymerization.

EXPERIMENTAL

Materials

Commercial TEMPO (Aldrich) was used as re-
ceived, and benzoyl peroxide (BPO) was recrystal-
lized from methanol/chloroform. 4VP was pur-
chased from Aldrich and distilled under reduced

pressure (bp 5 62–65 °C/15 mmHg) to remove the
stabilizer.

Synthesis of 3VP

After the improvement of a previously described
method,21,22 3VP was synthesized via a Wittig
reaction. Typically, in a 500-mL, three-necked,
round-bottom flask, to 0.112 mol of methyl triph-
enylphosphonium bromide (98%; Aldrich) dis-
solved in 400 mL of anhydrous tetrahydrofuran
(99.9%; Aldrich), there was added 0.224 mol of
sodium hydride (60% dispersed in mineral oil;
Aldrich) under argon at 0 °C. After 2 h, 0.1 mol of
3-pyridine-carboxaldehyde (98%; Aldrich) was
added dropwise. The mixture was then left under
constant stirring at 25 °C for 12 h. Excess ylide
was destroyed with the addition of acetone. The
mixture was then filtered, and the filtrate was
concentrated by rotative evaporation. 3VP was
extracted with diethyl ether. Further purification
consisted of two distillations of the liquid (bp
5 70–71 °C/15 mmHg) on calcium hydride, the
second distillation being conducted immediately
before use. The purity of the monomer was
checked by 1H NMR (200 MHz) in CDCl3 (Scheme
1): d 5 8.59 [2, J(2,4) 5 2.33], 8.46 [dd, 6, J(6,5)
5 4.81], 7.69 [m, 4, J(4,6) 5 1.63, J(4,5) 5 7.89],
7.22 [o, 5, J(5,2) 5 1.25], 6.67 [dd, 19, J(19,29) 5 11,
J(19,39) 5 17.7], 5.8 [dd, 39, J(39,19) 5 17.7], 5.35
ppm [dd, 29, J(29,39) 5 0.7]. The refractive index
was nD

25 5 1.5460.

Polymerization

Typically, a 50-mL reactor was charged with 4 mL
of monomer (37.1 mmol), 0–29.8 mg (0.019 mmol)
of TEMPO, and 0–35 mg (0.015 mmol) of BPO as
an initiator. According to the literature,23 the
TEMPO/BPO molar ratio was equal to 1.3/1. The
mixture was degassed by several freeze–thaw cy-
cles and finally left under argon. The vessel was
then immersed in a preheated oil bath. Magnetic

Scheme 1. Protons of 3VP.
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stirring and temperature control (61 °C) were
used throughout the reaction. After the required
duration, the reaction was stopped by the cooling
of the flask. Excess monomer was evaporated un-
der reduced pressure (0.5 mmHg), and the poly-
mer was recovered as a light-yellow powder after
careful drying in a vacuum oven (0.5 mmHg) at 65
°C for 48 h. The absence of residual monomer and
the purity of the polymer were checked by 1H
NMR in CDCl3: d 5 8.27 (H6), 7.69–7.76 (H2),
6.75–6.93 (H4 and H5), and 1.48 ppm (main-chain
protons).

Measurements

NMR spectra were recorded on a Bruker AC-200P
spectrometer. The average molar weights of the
polymers were determined by size exclusion chro-
matography (SEC). Prior to any experiments, the
polymers were left to dissolve for 24 h in dimeth-
ylformamide (99.5%), which was also used as an
eluent (elution rate 5 1 mL/min). Before injec-
tion, the solutions were filtered through polytet-

rafluoroethylene (PTFE) membranes (Alltech;
pore diameter 5 200 nm). The temperature was
maintained at 35 °C during all SEC experiments.
Measurements were performed on a Waters de-
vice equipped with a Styragel HR4 (7.8 3 300
mm) column (103–5 3 106 g/mol). The system had
previously been calibrated with standard polysty-
renes purchased from Polymer Standard Service.
Sample detection was done with a Waters 410
differential refractometer. The results were pro-
cessed with Millennium software.

RESULTS AND DISCUSSION

The data related with the molar weights and poly-
dispersities of several of the synthesized poly(3-
vinylpyridine)s, as characterized by SEC, have
been gathered in Table I.

Influence of Nitroxide Concentration

According to Matyjaszewski7,8 and Fukuda,12,13

the polymerization rate in the NMRP of styrene is

Table I. Characteristics of a Few Polymerizations of 3VP

T (°C)
[TEMPO]0 (3102 mol/L),

[BPO]0 (3102 mol/L) Solvent Time (h) Conversion

Polystyrene-
Equivalent
Mn (g/mol) Mw/Mn

138 1.2, 0.9 / 0.5 0.38 96,900 1.10
138 1.2, 0.9 / 1 0.49 99,500 1.22
138 1.2, 0.9 / 1.5 0.61 108,200 1.25
138 2.4, 1.8 / 0.5 0.37 73,200 1.08
138 2.4, 1.8 / 1 0.51 81,900 1.12
138 2.4, 1.8 / 2 0.72 97,400 1.14
138 4.8, 3.7 / 0.5 0.34 51,400 1.07
125 2.4, 1.8 / 1 0.09 41,600 1.10
125 2.4, 1.8 / 2 0.19 59,400 1.08
125 2.4, 1.8 / 4 0.44 90,300 1.11
125 4.8, 3.7 / 2 0.26 45,000 1.08
110 2.4, 1.8 / 2 0.03 20,800 1.13
110 2.4, 1.8 / 4 0.12 43,500 1.13
110 2.4, 1.8 / 6 0.25 62,600 1.09
125 2.4, 1.8 EG 1 0.13 32,700 1.09
125 2.4, 1.8 EG 3 0.38 78,000 1.15
125 2.4, 1.8 EG 4 0.48 94,200 1.15
110 1.2, 0.9 EG 2 0.08 42,600 1.13
110 1.2, 0.9 EG 4 0.20 69,100 1.09
110 1.2, 0.9 EG 8 0.39 92,600 1.08
110 0, 0 / 4 0.07 142,200 1.27
110 0, 0 / 6 0.10 124,100 1.44
110 0, 0 / 10 0.15 121,000 1.30
110 0, 0 EG 2 0.05 226,500 1.59
110 0, 0 EG 8 0.10 176,900 1.63

Experiments were conducted in bulk (/) or ethylene–glycol (EG).
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mainly governed by autoinitiation, so nitroxide
concentration has no obvious influence on the
propagation rate. Similar results are obtained
when 3VP is used as a monomer, as shown in
Figure 1. Indeed, the ln([M]0/[M]) values obtained
for different nitroxide concentrations are all on
the same straight line when plotted as a function
of time, [M]0 and [M] standing for the original and
current monomer concentrations in the bulk, re-
spectively (as estimated by their proportionality
with the weight of formed polymer). Furthermore,
the linear evolution of ln([M]0/[M]) as a function
of time proves that the number of active species is
almost constant throughout the reaction. Com-
pared with 4VP or even styrene, the kinetics of
the reaction is surprisingly fast; this is discussed
later.

Controlled polymerization requires a drastic
limitation of the number of transfer reactions.
The fulfillment of this condition can be evidenced
by the plotting of the molar weight of the polymer
as a function of conversion. The two straight lines
drawn in Figure 2 indicate that transfer is not
prevalent. It is remarkable that the final molar
weights are directly related to the original
TEMPO concentration. The obtained number-av-
erage molar weights are particularly high for an
NMRP.

As far as polydispersity is concerned, the first
seven lines in Table I present very interesting
values, which are all the lower as the original
TEMPO concentration in bulk is high. In agree-
ment with Matyjaszewski’s assumption,7,8 the
slight increase in these polydispersity values
when conversion increases can probably be linked
to side reactions and particularly to the irrevers-

ible decomposition of the terminal COTEMPO
bond, which inevitably occurs throughout the po-
lymerization, reducing the efficiency of TEMPO
and, thus, broadening the molar weight distribu-
tion. In any case, 3VP tends to yield polymers
with very low polydispersity values. This phe-
nomenon is all the more interesting as polydis-
persities remain low even for macromolecules
with high molar weights.

Influence of Temperature

The influence of temperature was studied with
experiments conducted at 110, 125, and 138 °C.
As reported in Figure 3, a decrease in tempera-
ture induces a decrease in the slope of the plot
ln([M]0/[M]) versus time, that is, in the polymer-
ization rate. Moreover, it triggers a longer induc-
tion period. Indeed, no induction period is observ-
able for T 5 138 °C, whereas the plot ln([M]0/[M])
versus t reveals an induction lag for T 5 125 °C
and even more significantly for T 5 110 °C. These
experimental results enabled us to calculate an
overall activation energy of approximately 130
kJ/mol.

As shown in Figure 4, a change in temperature
influences the plot of molar weight versus conver-
sion. This is expected because temperature influ-
ences the number of radicals that are generated
by autoinitiation and, thus, the overall number of
active radicals. Because the number of growing
polymeric species whose growth must be supplied
increases with temperature, the resulting num-
ber-average molar weight for the same monomer
consumption is reduced at high temperatures: the

Figure 1. Influence of nitroxide concentration on the
bulk polymerization of 3VP at 138 °C in the presence of
TEMPO: ln([M]0/[M]) versus t.

Figure 2. Influence of nitroxide concentration on the
bulk polymerization of 3VP at 138 °C in the presence of
TEMPO: Mn versus conversion.
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same amount of monomer must be shared be-
tween a bigger number of growing species. Con-
sequently, plots of Mn versus conversion slightly
differ from T 5 110 °C to T 5 125 °C or T 5 138
°C. Yet, it is particularly remarkable that all
three plots are nevertheless straight lines, even
for T 5 110 °C, that is, less than 120 °C, which is
traditionally regarded as the threshold value for
the efficiency of TEMPO. From that perspective,
it can be inferred that the polymerization of 3VP
is controlled even at temperatures that might ap-
pear too low for classical NMRP, which is the first
unexpected point to convey the idea that the be-
havior of 3VP is rather unique compared with the
behavior of styrene or even 4VP.

Importance of the Role Played by Nitroxide

To assess the role played by TEMPO in the bulk
polymerization of 3VP, it was essential to com-
pare systems with and without initially intro-
duced nitroxide. Be it with or without nitroxide,
the effect of temperature is quite logical (Fig. 5):
the higher the temperature, the higher the poly-
merization rate. Thus, the slopes of the corre-
sponding plots of ln([M]0/[M]) versus t are higher
at 138 °C than at 110 °C. Yet, although the reac-
tion rate is approximately the same with and
without TEMPO at 138 °C, there is a slight dif-
ference at 110 °C because, surprisingly, the bulk
polymerization of 3VP proceeds more quickly
with TEMPO than without TEMPO. This phe-
nomenon is also observed in glycol, as shown in
Figure 5. This figure presents further information
concerning the effect of ethylene–glycol on the
NMRP of 3VP: at 110 °C in the absence of
TEMPO, the polymerization rate is logically
lower in glycol than in bulk because the presence
of a solvent by a dilution effect is supposed to
reduce both the radical and monomer concentra-
tions and, consequently, the polymerization rate.
Surprisingly, the opposite behavior is observed in
the presence of TEMPO, which might suggest
that glycol influences the dissociation of the
COTEMPO bond.

Figure 6 is clear-cut evidence that, despite the
linear behavior of ln([M]0/[M]) versus t that was
observed in Figure 5, the reaction is not controlled
in the absence of TEMPO, whether in bulk or in
glycol. Indeed, the plot of Mn versus conversion is
not a straight line, which proves that transfer
reactions occur if no nitroxide is provided. This

Figure 3. Combined influence of solvent and temper-
ature on the polymerization of 3VP in the presence of
TEMPO: ln([M]0/[M]) versus t ([TEMPO]0 5 2.4 3 1022

mol/L).

Figure 4. Influence of temperature on the polymer-
ization of 3VP in glycol and in bulk in the presence of
TEMPO: Mn versus conversion ([TEMPO]0 5 2.4
3 1022 mol/L).

Figure 5. Combined influence of nitroxide and sol-
vent addition on the polymerization of 3VP at different
temperatures: ln([M]0/[M]) versus t.
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statement is all the more surprising because poly-
dispersity remains very low, even for autopoly-
merization without TEMPO, as reported in Table
I. This suggests that the polymerization of 3VP in
the absence of additional nitroxide might be gov-
erned by a transfer mechanism that could ensure
a self-regulation of chain lengths. Unfortunately,
we were not in a position to ascertain this hypoth-
esis. In any case, whether with or without
TEMPO, the molar weights were higher when the
reaction was conducted in glycol. This may be
because glycol may trap small radicals issued
from the homolytic decomposition of BPO, thus
reducing the overall efficiency of the initiator.
Another hypothesis is the reaction between some
of the TEMPO radicals and ethylene–glycol re-
sulting in a lesser number of chains and, thus, in
higher molar weights. This phenomenon would be
in agreement with the theory of Georges and oth-
ers24,25 concerning the pivotal role of excess ni-
troxide, whose concentration is said to be reduced
by the use of polar additives.26,27 However, the
low polydispersity values that were obtained
seem to contradict such an explanation in our
very case.

Effect of Solvent When Nitroxide Is Used

Experiments conducted in ethylene–glycol re-
vealed that, compared with its behavior in bulk at
the same temperature, the behavior of 3VP poly-
merized in a solvent that was likely to induce
hydrogen bonds with the polymer units was vari-
able. As shown in Figure 3, the reaction is faster
in glycol than in bulk at low temperatures (i.e.,

110 °C), whereas this trend tends to reverse at
high temperatures (i.e., 138 °C) after a transition
range (ca. 125 °C) for which the kinetics are al-
most the same in bulk and in glycol. This chang-
ing behavior is probably caused by the opposite
influence of temperature on, first, hydrogen bond-
ing that weakens the COTEMPO bond in the
polymeric adduct and, second, the equilibrium
between dormant and active species (i.e., poly-
meric adduct and polymeric radical). Further-
more, contrary to what can be observed in bulk,
temperature has no significant influence on the
plot of Mn versus conversion when the polymer-
ization is conducted in glycol (Fig. 4). Indeed, the
values obtained for different temperatures are all
on the same line. The effect of glycol as a radical-
trapping agent might, here again, be responsible
for the reduction of the differences in autopoly-
merization at different temperatures.

Comparison of 3VP and 4VP

The kinetic behaviors of 3VP and 4VP at 138 °C in
the presence of the same amount of TEMPO are
quite different. From Figure 7, it can clearly be
observed that the polymerization rate of 3VP is
much faster than that of its 4-vinyl homologue. It
can be suspected that the electronic distribution
on the pyridine ring, along with resonance effects,
may account for this difference. Indeed, as al-
ready mentioned, 3VP presents quite a different
polarization of the polymerizable group because
there is no conjugating effect between the vinyl
group and the CON bond, contrary to 4VP.
Hence, the position of the nitrogen atom is likely

Figure 6. Combined influence of nitroxide and sol-
vent addition on the polymerization of 3VP at 110 °C:
Mn versus conversion.

Figure 7. Comparison of 3VP and 4VP involved in
bulk polymerizations at 138 °C in the presence of
TEMPO ([TEMPO]0 5 2.4 3 1022 mol/L).
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to affect the terminal COTEMPO bond in the
polymer and, thus, the characteristics of the re-
action itself because the strength of the
COTEMPO bond influences the equilibrium be-
tween active and dormant species and, conse-
quently, the way propagation takes place.

CONCLUSION

Compared with styrenic monomers or even 4VP,
3VP appears to be a very interesting monomer in
NMRP. Quite long and monodisperse blocks (Mn
5 99,500 g/mol, Mw/Mn 5 1.22) can be synthe-
sized in bulk within relatively short polymeriza-
tion times (60 min) because of particularly fast
kinetics. According to our experiments, 3VP can
be polymerized in a controlled manner with ni-
troxide, and the influence of temperature and ni-
troxide concentration is quite logical compared to
what is traditionally observed in the field of
NMRP. 3VP is also to be considered a very atyp-
ical monomer, yielding low-polydispersity macro-
molecules even when the reaction is conducted
below 120 °C or without additional TEMPO (al-
though, in the latter case, the reaction is not
controlled in regard to the evolution of the num-
ber-average molar weight as a function of conver-
sion). Experiments conducted in a protic solvent
(i.e., ethylene–glycol) revealed that it was also
possible to rapidly obtain quite monodisperse spe-
cies by solution polymerization, which is a major
perspective for monomers that are not polymeriz-
able in bulk. Moreover, the difference between
bulk and solution polymerizations was proven to
be temperature-dependent. Further experiments
are bound to investigate the way ethylene–glycol
influences the COTEMPO bond dissociation.

Financial support for X. Z. Ding from CNRS-KC Wong
funds is gratefully acknowledged.
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