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ABSTRACT: Two novel dithiocarbamates [2-Y-benzoimi-
dazole-1-carbodithioic acid benzyl esters: Y � methyl (1b) or
phenyl (1c)] were synthesized and successfully used in the
reversible addition–fragmentation chain transfer (RAFT) po-
lymerization of styrene in bulk with thermal initiation. The
effects of the temperatures and concentration ratios of the
styrene and RAFT agents on the polymerization were inves-
tigated. The results showed that the polymerization of sty-
rene could be well controlled in the presence of 1b or 1c. The
linear relationships between ln([M]0/[M]) and the polymer-
ization time (where [M]0 is the initial monomer concentra-
tion and [M] is the monomer concentration) indicated that

the polymerizations were first-order reactions with respect
to the monomer concentration. The molecular weights in-
creased linearly with the monomer conversion and were
close to the theoretical values. The molecular weight distri-
butions [weight-average molecular weight/number-average
molecular weight (Mw/Mn)] were very narrow from 5.3%
conversion up to 94% conversion (Mw/Mn � 1.3). © 2006
Wiley Periodicals, Inc. J Appl Polym Sci 100: 560–564, 2006
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INTRODUCTION

In recent years, considerable effort1–7 has been ex-
pended to develop free-radical polymerizations that
display the essential characteristics of living polymer-
izations. Several processes have been reported, such as
stable free polymerization,6 atom transfer radical po-
lymerization,2–5 and reversible addition–fragmenta-
tion chain transfer (RAFT) polymerization.7,8 RAFT
polymerization is the youngest of these new methods
and appears the most versatile. The RAFT process is a
polymerization in the presence of a RAFT agent
[ZOC(AS)SOR] that reacts by a series of reversible
addition–fragmentation steps. There are four classes
of thiocarbonylthio RAFT agents, depending on the
nature of the Z group: dithioesters (Z is aryl or alkyl),
trithiocarbonates (Z is substituted sulfur), dithiocar-
bonates (xanthates; Z is substituted oxygen), and di-
thiocarbamates (Z is substituted nitrogen). Dithiocar-

bamates are not only photoiniferters9 but also RAFT
agents.10 The efficiency of dithiocarbamates in the con-
trol of polymerization depends on the molecular
structure of the dithiocarbamates. Rizzardo and co-
workers10,11 found that the electron-withdrawing
groups on the nitrogen atom of dithiocarbamates can
significantly enhance the activity of dithiocarbamates.
Destarac et al.12 found the key parameter for the con-
trol of the radical polymerization of acrylates, styrene
(St), and vinyl acetate with novel dithiocarbamates,
N,N-disubstituted or cyclic dithiocarbamates, as RAFT
agents to be the conjugation of the lone pair of elec-
trons of the nitrogen atom with carbonyl or aromatic
groups. Recently, Pan et al.13 reported the free-radical
polymerizations of methyl acrylate under �-ray irra-
diation in the presence of dithiocarbamates with dif-
ferent N groups. The results indicated that the conju-
gation structure of the N group of the dithiocarbam-
ates played an important role in living free-radical
polymerization. However, the mechanism of the
�-ray-irradiation living free-radical polymerization
has been under debate.13,14 In this work, we synthe-
sized two novel dithiocarbamates [2-Y-benzoimida-
zole-1-carbodithioic acid benzyl esters: Y � methyl
(1b) or phenyl (1c); Scheme 1] and used them as RAFT
agents in the thermally initiated RAFT polymerization
of St to examine the effectiveness for the controlled
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polymerization of St and the effect of the dithiocar-
bamate structure on the polymerization.

EXPERIMENTAL

Materials

Dimethyl sulfoxide (analytical reagent; Shanghai Wu-
lian Chemicals Co., Ltd., Shanghai, China) was puri-
fied by vacuum distillation over anhydrous CaH2. St
(analytical reagent; Shanghai Chemical Reagent Co.,
Ltd., Shanghai, China) was washed with an aqueous
solution of sodium hydroxide (5 wt %) three times and
then with deionized water until neutralization. After
being dried with anhydrous magnesium sulfate, the
monomer was distilled twice under reduced pressure
before use. Tetrahydrofuran (THF; analytical reagent;
Jiangsu Yangyuan Chemical Factory, Changshu,
China), 2-methyl-benzoimidazole (98%, Acros Organ-
ics, Fairlawn, NJ), 2-phenyl-benzoimidazole (97%, Ac-
ros Organics), NaH (60%, powder, Merck–Schuchardt,
Germany), and benzyl bromide (chemically pure;
Shanghai Chemical Reagent) were used as received.

Synthesis and polymerization

Synthesis

The general procedure for the synthesis of dithioesters
1b and 1c was according to the literature.15 Pure 1b
was obtained as an orange oil, and the purity was
greater than 99% [high-performance liquid chroma-
tography (HPLC); 515, Waters]. Pure 1c was obtained
as a yellow powder, and the purity was greater than
98% (HPLC; 515, Waters).

Polymerization

The typical procedures were as follows. A master
batch solution of 12 mL (105 mmol) of St and 62.1 mg
(0.21 mmol) of 1b was prepared, and aliquots of 1 mL
were placed in polymerization ampules. The content
was purged with argon to eliminate oxygen for ap-
proximately 10 min. Then, the ampules were flame-
sealed. The polymerization reaction was performed at
the appropriate temperature. At the end of the reac-

tion, each ampule was quenched in ice water and
opened. The reaction mixture was diluted with 2 mL
of THF and precipitated in 250 mL of methanol. The
polymer was filtered and dried at room temperature
in vacuo until a constant weight. The conversion of the
polymer was determined gravimetrically.

Characterization

The number-average molecular weights (Mn’s) and
molecular weight distributions [weight-average mo-
lecular weight/number-average molecular weight
(Mw/Mn)] of the polymers were determined with a
Waters 1515 gel permeation chromatographer. The gel
permeation chromatography (GPC) equipment was
equipped with a refractive-index detector operated at
30°C with HR 1, HR 3, and HR 4 columns with a
molecular weight range of 100–500,000, which was
calibrated with polystyrene (PS) standard samples.
THF was used as the eluent at a flow rate of 1.0
mL/min. 1H-NMR spectra of the polymers were re-
corded on an Inova 400-MHz NMR instrument with
CDCl3 as the solvent and tetramethylsilane as the
internal standard.

Figure 1 Kinetic plots of the polymerization of St in the
presence of 1b and 1c ([St]0/[RAFT agent]0 � 500:1).

Scheme 1
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RESULTS AND DISCUSSION

Living polymerization character

The RAFT polymerizations of St were carried out with
1b and 1c as RAFT agents with thermal initiation in
bulk with the [St]0/[RAFT agent]0 molar ratio of 500:1
at 110 and 130°C, respectively (where [St]0 and [RAFT
agent]0 are the initial concentrations of St and the
RAFT agent, respectively). The kinetic plots of
ln([M]0/[M]) versus the polymerization time (where
[M]0 is the initial monomer concentration and [M] is
the monomer concentration) are shown in Figure 1.
The linear relationships between ln([M]0/[M]) and the
polymerization time indicated that the polymeriza-
tions were first-order reactions with respect to the
monomer concentration and that the number of radi-
cals remained constant during the polymerizations of
St with thermal initiation. Figure 1 also shows that
there was no inhibition period in the polymerization
in all cases. The rate of polymerization for 1b was
almost the same as that of 1c at the same polymeriza-

tion temperature and increased with increasing poly-
merization temperature. The Mn and Mw/Mn values
are shown in Figure 2. The molecular weights in-
creased linearly with the monomer conversion and were
lower than the theoretical number-average molecular
weights (Mn,th’s) at high conversions; this indicated
some side reactions of chain transfer. The Mn,th values
were calculated with the following equation:

Mn,th �
[St]0

[RAFT agent]0
� Conversion

� Mstyrene � MRAFTagent

where Mstyrene and MRAFTagent are the molecular weights
of St and the RAFT agent, respectively. The Mw/Mn

values were very narrow from a 5.3% conversion up to a
94% conversion (Mw/Mn � 1.3). All the results showed
that the two novel dithiocarbamates, 1b and 1c, were
effective RAFT agents for the RAFT polymerization of St,
and the substitution group of methyl or phenyl on this
dithiocarbamate had no obvious effects on the effective-
ness of controlled polymerization.

Effect of the [St]0/[RAFT agent]0 ratio

The polymerizations of St were carried out in bulk with
different [St]0/[RAFT agent]0 molar ratios to examine
their effect on the RAFT polymerization of St. The results
are shown in Table I. When the [St]0/[RAFT agent]0 ratio
changed from 200 : 1 to 800 : 1, no obvious effects of the
ratio on Mw/Mn were observed. The agreement between
Mn,GPC and Mn,th was good at a higher concentration of
the RAFT agent ([St]0/[RAFT agent]0 � 200 : 1). The
Mw/Mn values were very narrow in all cases (Mw/Mn �
1.17–1.29). However, the polymerization rates at a high
RAFT agent concentration, such as [St]0/[RAFT agent]0
� 200 : 1, was lower than those with the 500 : 1 and
800 : 1 ratios. The polymerization showed slight retarda-
tion.16 Davis and coworkers17–19 reported that the retar-

Figure 2 Mn and Mw/Mn versus the conversion for the
polymerizations of St in the presence of 1b and 1c ([St]0/
[RAFT agent]0 � 500 : 1).

TABLE I
Polymerization Results of St at Different [St]0/[RAFT agent]0 Ratios at 110°C

RAFT [St]0/[RAFT agent]0

Time
(h) Mn,th Mn,GPC Mw/Mn Conversion

1b 200 : 1 4 3,300 3,300 1.18 0.14
10 7,600 6,700 1.19 0.35

500 : 1 4 10,300 8,800 1.19 0.19
10 21,200 17,800 1.24 0.41

800 : 1 4 16,000 14,600 1.21 0.19
10 35,000 27,000 1.28 0.42

1c 200 : 1 4 3,700 3,600 1.17 0.16
10 8,000 7,000 1.19 0.37

500 : 1 4 13,200 11,200 1.26 0.25
10 21,200 18,000 1.22 0.40
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dation in the RAFT polymerization was caused by the
low fragmentation rate of the mediate radical. The mag-
nitude of the retardation present in the RAFT polymer-
ization of St was closely associated with the stability of
the macro-RAFT radical, that is, its average lifetime.
Monteiro and de Brouwer20 offered an alternative expla-
nation for the retardation effect in RAFT polymerization.
These authors assumed that the macro-RAFT radical can
undergo self-termination and termination with free mac-
roradicals, thus slowing the rate of polymerization at
enhanced levels of the initial RAFT agent.

End-group analysis and chain-extension reaction

The 1H-NMR spectrum of the polymers prepared with
1b and 1c as RAFT agents with thermal initiation were
used to obtain qualitative information on the polymer
end group. Typical spectra of PS (Mn � 3300, Mw/Mn

� 1.20) with 1b as the RAFT agent and PS (Mn � 8100,
Mw/Mn � 1.23) with 1c as the RAFT agent are shown
in Figure 3. The signals at � � 7.4–7.8 ppm correspond
to the aromatic protons of 1b units [Fig. 3(1)], and the
signals at � � 7.3–7.9 ppm correspond to the aromatic
protons of 1c units [Fig. 3(2)]. The spectra indicate that
the moiety of the RAFT agent was attached to the end
of PS.

An additional way of verifying the functionality of a
polymer is the chain-extension reaction. Therefore, PS
capped with the RAFT moiety was used as a macro-
RAFT agent to carry out the chain-extension reaction.

A typical chain-extension reaction was carried out
with the addition of fresh St monomer with PS as the
macro-RAFT agent ([St]0/[macro-RAFT]0 � 500:1) at
110°C for 5 h. The GPC curves of the original and
extended polymer are shown in Figure 4. There was
an obvious peak shift from the macro-RAFT agent to
the product, and the molecular weight increased from
6900 to 25,000 (Fig. 4; 1b) and from 11,200 to 31,600
(Fig. 4; 1c). The peak of the original polymer disap-
peared, and this demonstrated that the macro-RAFT
agent converted to the product. However, the molec-
ular weight distribution of the chain-extension prod-
uct was broader than before, and this may have been
caused by the small amount of homopolymerization
of St and the dead polymer existing in the original
polymer.21,22 This evidence supported the idea that
the RAFT polymerization of St with 1b or 1c as a RAFT
agent under thermal initiation was well controlled and
was consistent with the RAFT mechanism.

CONCLUSIONS

Two novel dithiocarbamates, 1b and 1c, were effective
RAFT agents for the RAFT polymerization of St, and
the substitution group of methyl or phenyl on these
dithiocarbamates had no obvious effects on the effec-
tiveness of controlled polymerization. The results
showed that the polymerization of St could be well
controlled in the presence of 1b and 1c. The molecular

Figure 3 1HNMR spectra of (1) PS (Mn � 8500, Mw/Mn � 1.19) with 1b as the RAFT agent and (2) PS (Mn � 7600, Mw/Mn
� 1.21) with 1c as the RAFT agent.
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weights increased linearly with the monomer conver-
sion and were close to the theoretical values. The
Mw/Mn values were very narrow from a 5.3% conver-
sion up to a 94% conversion (Mw/Mn � 1.3).
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Figure 4 GPC curves of the chain-extension reaction ([St]0/[macro-RAFT]0 � 500:1, temperature � 110°C): (a) macro-RAFT
agent 1b and (b) macro-RAFT agent 1c.
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