
ORIGINAL PAPER

Reactivity ratios of controlled/living copolymerization
of styrene and acrylonitrile in ionic liquid microemulsion

Guo-Xiang Wang & Mang Lu & Zhao-Hui Hou & Hu Wu

Received: 11 August 2012 /Accepted: 6 January 2013 /Published online: 25 January 2013
# The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract In this work, reverse atom transfer radical copoly-
merization of styrene and acrylonitrile was investigated
at 65 °C in ionic liquid microemulsion using 2,2’-azobis(iso-
butyronitrile) (AIBN) as initiator, FeCl3·6H2O/succnic acid as
catalyst complex, and hexadecyl trimethyl ammonium bro-
mide as surfactant. The copolymers of styrene and acryloni-
trile (SAN) with predetermined molecular weights and narrow
molecular weight distribution were obtained. Results showed
that the polymerization proceeded in a controlled/‘living’
process in which the molecular weight of SAN increased with
increasing the monomer conversion. The size of the resulting
SAN particle was investigated. The monomer reactivity ratios
increased with increasing the molar ratio of acrylonitrile to
styrene. The obtained polymer was characterized by 13C nu-
clear magnetic resonance and gel permeation chromatogra-
phy. The living characteristics were demonstrated by chain
extension experiment.

Keywords Styrene . Acrylonitrile . Living polymerization .

Ionic liquid based microemulsion

Introduction

The living radical polymerization offers an attractive route to
synthesize polymers with well-defined structures [1]. Three
radical polymerization techniques have been extensively

studied: nitroxide-mediated living radical polymerisation
(NMP) [2, 3], atom transfer radical polymerization mediat-
ed by a transition metal complex (ATRP) [4–6] and revers-
ible addition fragmentation chain transfer polymerization
(RAFT) [7, 8]. Among them, ATRP was a robust technique
and has been applied under heterogeneous conditions in
suspension [9, 10], dispersion [11], ab initio emulsion
[12], seeded emulsion [13], miniemulsion [14, 15] and
microemulsion [12, 16, 17].

Microemulsions are clear, thermodynamically stable,
isotropic liquid mixtures of oil, water and surfactant,
frequently in combination with a cosurfactant. In contrast
to ordinary emulsions, microemulsions form upon simple
mixing of the components and do not require the high
shear conditions generally used in the formation of ordi-
nary emulsions. However, there are some limits on con-
ducting ATRP in microemulsion, for example, higher
amount of surfactant compared with conventional emul-
sion polymerization and solubility limitations for apolar
solutes remains. The limits can be overcome by ionic
liquid microemulsion due to the combined advantages of
both ionic liquids and microemulsions.

Ionic liquid is a salt in which the ions are poorly coordi-
nated, resulting in these solvents being liquid below 100 °C,
or even at room temperature (room temperature ionic
liquids, RTIL’s). RTILs are developed to replace traditional
organic solvents and used in microemulsion to widen the
application fields of ionic liquid. Ionic liquid microemulsion
as a ‘green solvent’ has been extensively investigated in
varied fields of biocatalysis [18], polymerization [19–22],
nanoparticle [23] and organic synthesis [24].

Reverse atom transfer radical polymerization (RATRP)
is one of improved ATRP techniques. In a RATRP sys-
tem, it was not sensitive to air due to higher oxidation
transition metals used. Iron complex catalyst is one of the
most commonly transition metals and has been applied in
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controlled/living polymerization [25–28]. Iron was easily
complexed with more environmentally friendly organic
acid [29–31].

Copolymers (SAN) of styrene (St) and acrylonitrile (AN)
have been applied in numerous fields due to its outstanding
chemical and mechanical properties. Its application would
be further enhanced by an additional control of molecular
weights, molecular weight distribution (MWD), and chain
topology. There are some reports about controlled/living
copolymerization of styrene and acrylonitrile [32–34]. To
the authors’ knowledge, there are no reports about control-
led/living copolymerization of styrene and acrylonitrile in
ionic liquid microemulsion.

In this study, copolymerizations of styrene and acrylonitrile
were conducted in ionic liquid microemulsion under reverse
atom transfer radical polymerization using 2,2’-azobis(isobu-
tyronitrile) (AIBN) as initiator, FeCl3·6H2O/Succinic acid
(SA) as complex catalyst, cetytrimethylammonium bromide
(CTAB) as surfactant and 1-butyl-3-methylimidazolium
hexafluorophate ([bmim][PF6]) as ionic liquid. The end-
functionality of the copolymers was estimated from the
chain extension reaction.

Experimental

Materials

The ionic liquid [bmim][PF6] was purchased from Aladdin
Reagents Co., Ltd, Shanghai, China. Styrene (Analytic
Reagent grade, AR grade) was purchased fromTianjin Fuchen
Chemical Reagents Factory, China. It was distilled under
reduced pressure prior to use. Acrylonitrile (Analytic Reagent
grade, AR grade) was purchased from Tianjin Bodi Chemical
Holding Co., Ltd., China. It was distilled under reduced
pressure prior to use. AIBN, obtained from Shanghai Chem-
ical Holding Co., Ltd, China, was recrystallized twice from
methanol. Ferric chloride hexahydrate was purchased from
Shanghai Qingfeng Chemical Factory, China. Succinic acid
(SA, Analytic Reagent grade, AR grade), was purchased
Chongqing Chuangdong Chemical (Group) Co., Ltd, China.
Benzoyl peroxide (BPO) and hexadecyl trimethyl ammonium
bromide (CTAB) was obtained from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. BPO was recrystallized
twice from ethanol. Other regents were used as received.

Polymerization procedure

The microemulsion systems were prepared by dissolving
CTAB in ionic liquid in a 100 mL three-neck round-bottom
flask equipped with magnetic stirring bar. Then the monomer,
FeCl3·6H2O and succinic acid were added. Finally, AIBN was
added. The mixture was mildly stirred until the transparent

homogeneous phase was reached. The flask was degassed
three times under vacuum, and flushed with nitrogen. Then
the flask was placed in an oil bath held by a thermostat at 65 °C.
After the desired time, the polymerizations were stopped by
immersing into ice water. The copolymer samples were pre-
cipitated by a large quantity of methanol. The obtained copoly-
mers were purified by repeated washing with methanol, and
then vacuum-dried at 60 °C for 1 day until constant weight.

In a typical experiment, the molar ratio of [AN+
St]:[AIBN]:[FeCl3·6H2O]:[SA] was fixed at 500:1:1:2, and
the molar ratio of AN to St was 0.45:0.55. Thus, a dry flask
was charged with 6.2520 g [bmim][PF6] (22 mmol) and
2.5000 g CTAB (7 mmol) and mixed, then 0.4775 g AN
(9 mmol), 1.1440 gSt (11 mmol), 0.0108 g FeCl3·6H2O
(0.04 mmol), 0.0094 g Succinic acid (0.08 mmol) and
0.0066 g AIBN (0.04 mmol) were in turn added to the flask.

Measurements

Monomer conversion was determined by gravimetric anal-
ysis at different intervals. The conversion (C) was deter-
mined by the following formula:

C% ¼ W2=W1 � 100%

Where W1 was the initial weight of the comonomers and
W2 was the weight of the obtained copolymer.

The number-average molecular weights (Mn,GPC) and
MWDs of the resulting SAN were determined by gel per-
meation chromatography (GPC), conducted with a Waters
1515 equipped with refractive index detector using tetrahy-
drofuran (THF) as a mobile phase at a flow rate of
1.0 mL/min at 35 °C. Linear polystyrene standards were
used to calibrate the columns.

13C NMR spectrum was recorded for the polymer sam-
ples on a Bruker 400 MHz Spectrometer using CDCl3 as the
solvent at ambient temperature and tetramethylsilane as the
internal standard.

Particle size was determined by using Malvern Master-
sizer 2000 equipment. The particle size distribution obtained
was based on volume, i.e., the particle size interval obtained
represented the total volume (%) of all particles with a
diameter included in this interval in relation to the total
volume of all particles in the distribution.

Results and discussion

Reverse atom transfer radical copolymerization of St
and AN in ionic liquid microemulsion

The feasibility of reverse atom transfer radical copoly-
merization of St and AN was investigated in ionic liquid
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microemulsion. SAN copolymer was prepared by RATRP
process using FeCl3/succinic acid (SA)/AIBN catalyst
system in ionic liquid microemulsion as described in
Scheme 1.

Figure 1 shows the semilogarithmic kinetic plots for
the reverse atom transfer copolymerization with varied
molar ratios of St/AN. As shown in Fig. 1, a linear
relationship between ln([M]0/[M]) and time was ob-
served, indicating first-order kinetics with respect to
monomer consumption and a constant radical concentra-
tion during the polymerization process. The copolymer-
ization rate increased with the increase of AN monomer
feed until the molar ratio of AN/St was 50:50, and then
the copolymerization rate decreased with the increase of
AN monomer feed. This is due to the formation of
charge transfer complex. Similar results were reported
by Hill et al. [33].

Figure 2 shows the dependence of the number average
molecular weight (Mn) and the polydispersities (PDI) of
the obtained SAN versus monomer conversion at differ-
ent molar ratios of AN/St. As shown, the molecular
weights of the resulting SAN copolymers measured by
GPC increased with monomer conversion. Furthermore,
in most cases, the molecular weight distributions were
below 1.3. The results indicated that copolymerization of
AN/St proceeded in a controlled/living fashion. However,
at the beginning of copolymerization, some higher mo-
lecular weights were obtained due to incomplete decom-
position of AIBN. The copolymerization proceeded in a

conventional radical polymerization. This was further
confirmed by broader molecular weight distribution during
the initial polymerization.

SAN copolymer for ionic liquid microemulsion system
was determined using 13C nuclear magnetic resonance spec-
troscopy. Figure 3 shows 13C NMR spectrum of the result-
ing SAN copolymer. The peaks at 120.6–121.8 ppm were
assigned to the group of CN. The signals at 126.1–
130.4 ppm were attributed to the aromatic ring group. The
signals at 25.3–27.3 ppm corresponded to the methine group
of CH. The signals at 35.8–41.6 ppm were attributed to the
methylene group of CH2.

The particle size distribution is shown in Fig. 4. Particle
size showed a distribution between 5 and 60 nm, with
irregular peaks between 10.1 and 20 nm.

Monomer reactivity ratios calculated from 13C NMR
spectrum

According to the literature [34], Fineman-Ross and
Kelen-Tudos methods were not used to calculate the
reactivity ratios of copolymerization of St and AN be-
cause it was difficult to obtain linear plots. A series of
experiments with different feed molar ratios were car-
ried out under the same experimental conditions and the
components were determined by 13C NMR (Fig. 5). The
reactivity ratios can be calculated by the following
equation:

rSt ¼ fAN
fSt

1
P AN=Stð Þ

� 1
� �

rAN ¼ fSt
fAN

1
P St=ANð Þ

� 1
� �

ð1Þ

CH=CH2

CN

FeCl3/SAAIBN/ CH2    CHCH2    CH

CNin ionic liquid microemulsion

at 65 oC
n

Scheme 1 Preparation of SAN
copolymerization by RATRP in
ionic liquid microemulsion
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Fig. 1 Plots of ln([M]0/[M]) versus time of reverse atom transfer
copolymerization of AN and St in ionic liquid microemulsion at 65 °C
at various monomer molar ratios
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Fig. 2 Dependence of Mn,GPC and PDI on monomer conversion for
reverse atom transfer copolymerization of St and AN at 65 °C in ionic
liquid microemulsion
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Where

P St=ANð Þ ¼ FSASþFSAA=2
FAAAþFAASþFSAS

P AN=Stð Þ ¼ FASAþFSSA=2
FSSSþFSSAþFASA

In Eq. (1), FAAA, FSAA, FSAS, FSSS, FSSA, and FASA were
the amount of the assignments of the resonances of AN- and
St-centered triads in the 13C NMR spectrum: AAA (δ=118–
119.2 ppm), SAA or AAS (δ=119.2–120.8 ppm), SAS (δ=
120.8–122.5 ppm) for AN centered triads; SSS (δ=143.7–
146.8 ppm), SSA or ASS (δ=141.2–143.7 ppm), ASA (δ=
138.7–1141.2 ppm) for St centered triads, respectively. And
fAN and fSt are the feed ratios of AN and St, respectively.

The triads distributions were determined according to
what was reported by Hill [33]. The triads distributions were
calculated from the area under peaks for the respective
triads. For example, the feed molar ratio of AN:St was
15:85, FSSS was equal to the ratio of the integral area of
SSS (δ=143.7–146.8 ppm) and total area of SSS (δ=143.7–

146.8 ppm), SSA or ASS (δ=141.2–143.7 ppm) and ASA
(δ=138.7–1141.2 ppm). The results were summarized in
Table 1. When the molar ratios of AN:St changed from
15:85 to 85:15, the reactivity ratios of AN and St were from
1.039 to 0.003 and from 1.084 to 2.149, respectively. The
reactivity ratios calculated from Fig. 5 were shown in Fig. 6.
The obtained reactivity ratios in this work are different from
that of reported conventional microemulsion copolymerization
of St andAN (rSt=0.61–2.98, rAN=0–0.039)[35]. The reported
reactivity ratios for the controlled/living copolymerization of
St and AN calculated by the Jaacks’s method were rSt=0.46,
rAN=0.19[36]. The deviation of reactivity ratios may be due to
different reaction media and different mechanism.

BPO as initiator in reverse atom transfer copolymerization
of AN and St in ionic liquid microemulsion

In this work, AIBN was replaced by BPO. The molar ratio
of [AN]:[St] was fixed at 0.45:0.55 and the molar ratio of
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Fig. 3 13C spectrum of copolymer of AN and St in CDCl3
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Fig. 4 The particle size distribution of SAN copolymer prepared in
ionic liquid microemulsion

146 144 142 140 138 136 134 132 130 128 126 124 122 120 118

AAA
SAA
AASASAASASSA

ASSSSS

AN:St 80:20

AN:St 70:30

AN:St 60:40

AN:St 50:50

AN:St 30:70

Chemical shift (ppm)

AN:St 10:90

Fig. 5 13C NMR spectra indicating the evolution of the intensity of
nitrile carbon regions and aromatic carbon regions during copolymer-
ization in ionic liquid microemulsion

Table 1 The triads distributions in SAN

Molar ratio St-centred triads AN-centred triads rAN rSt

FSSS FSSA FASA FAAA FAAS FSAS

AN:St = 15:85 0.75 0.22 0.03 0.01 0.29 0.70 1.039 1.084

AN:St = 25:75 0.61 0.32 0.07 0.01 0.18 0.81 0.333 1.116

AN:St = 45:55 0.33 0.55 0.12 0.02 0.12 0.86 0.106 1.253

AN:St = 65:35 0.28 0.44 0.28 0.01 0.07 0.92 0.025 1.857

AN:St = 75:25 0.20 0.42 0.38 0.02 0.04 0.94 0.014 2.085

AN:St = 85:15 0.15 0.25 0.60 0.01 0.01 0.98 0.003 2.149
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[AN+St]:[FeCl3·6H2O]:[SA] was fixed at 500:1:2. A series
of experiments were carried out with varying the molar ratio
of [AN+St]:[BPO]. As listed in Table 2, a well-controlled
copolymerization of AN and St was achieved in this system,
as determined by the molecular weights of the resulting
SAN increasing with monomer conversion and the MWD
values below 1.30. It demonstrated that BPO can be served
as efficient initiator in this system.

Chain extension of SAN

A predetermined quantity of SAN as macroinitiator (obtained
in ionic liquidmicroemulsion) was added to ionic liquidmicro-
emulsion in a dried 100 mL three-neck flask. The molar ratio
[St]:[macroinitiator]:[FeCl2]:[SA] was kept at 500:1:1:2. The
chain extension of SAN was performed as follows: 6.2520 g
[bmim][PF6] (22 mmol) and 2.5000 g CTAB (7 mmol) were
fed and mixed, then 2.080 gSt (20 mmol), 0.0051 g FeCl2
(0.04mmol), 0.0094 g Succinic acid (0.08mmol) and 0.5120 g
macroinitiator (Mn=12,800g/mol,MWD=1.23) (0.04mmol)
were in turn added to the flask. After degassed, N2 was
charged. The cycle was three times. The polymerization was
conducted at 65 °C. As shown in Fig. 7, the molecular weight
increased from 12,800 g/mol to 36,400 g/mol and the MWD
also increased from 1.23 to 1.33 indicating that the SAN with

chlorine end groups synthesized by using these initiator/cata-
lyst/ionic liquid microemulsion systems can initiate reverse
atom transfer copolymerization quantitatively to prepare the
well-defined SAN with narrow MWD.

Conclusion

Reverse atom transfer radical copolymerization of acryloni-
trile and styrene were successfully carried out in ionic liquid
microemulsion with AIBN as initiator in the presence of
FeCl3·6H2O/SA complexes catalyst. The copolymerization
proceeded in a controlled/living fashion, as evidenced by the
first-order kinetics and the linear increase of the number-
average molecular weight with conversion. The particle size
distribution of the obtained SAN copolymer was about 10–
20 nm determined by Malvern Mastersizer equipment. The
monomer reactivity ratio of AN and St copolymerization in
ionic liquid microemulsion was determined by 13C NMR
spectroscopic analysis and varied from 1.039 to 0.003 for
AN and from 1.084 to 2.149 for St when the monomer feed
molar ratio of AN and St changed from 15:85 to 85:15. BPO
was also an efficient in this system. The resulting SAN
copolymer with a chlorine-terminated atom was activated
during the chain extension experiment.
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