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ABSTRACT: Living polystyryl lithium was synthesized
by anionic polymerization under the protection of argon at
normal pressure, and styrene, toluene, tetrahydrofuran,
and n-butyllithium were used as a monomer, solvent,
polar reagent, and initiator, respectively. Then, polystyrene
oligomers containing several pendent epoxy groups with
well-defined structures and narrow molecular weight dis-
tributions (weight-average molecular weight/number-
average molecular weight < 1.1) were prepared by the
reaction of polystyryl lithium with glycidyl methacrylate.
The prepared oligomers were characterized with gel per-
meation chromatography, Fourier transform infrared spec-
troscopy, 1H-NMR, and the hydrochloric acid/dioxane

argentimetric method. The effects of the glycidyl methac-
rylate dosage, molar mass of polystyrene precursors,
copolymerization time, and temperature on the content of
side epoxy groups were also investigated. The results con-
firm that 1,1-diphenylethylene-end-capped polystyryl car-
banion could initiate glycidyl methacrylate in toluene in
the presence of lithium chloride and a small amount of tet-
rahydrofuran, and the content of the side epoxy groups
could be adjusted. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 117: 2566–2574, 2010
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INTRODUCTION

Polystyrene has been extensively used in domestic
refrigerators, packaging, medical equipment, house
wares, photographic film, compact disc cases, and
many other industrial applications. However, this
material suffers from several drawbacks (e.g., low
impact strength, poor weather fastness, chemical re-
sistance) that strongly limit its application. To over-
come these drawbacks, efforts have been made to
modify polystyrene, including graft and block
copolymerization modification. For example, func-
tional polystyrene can be achieved via block copoly-
merization. The representative reactive groups intro-
duced to the side chain of the polymers involve
epoxy, vinyl, carboxyl, hydroxyl groups, and so on.
It has been well known that epoxy groups are rela-
tively stable and have a strong inclination to react
with some compounds, such as alcohol, amines,
acids and alkalis; this results in the synthesis of vari-
ous grafting or block copolymers. A number of

articles and patents have been published regarding
this approach.1–7

Glycidyl methacrylate (GMA) is an interesting
monomer with three reactive functional groups, car-
bon–carbon double bonds, carbonyl groups, and
epoxy groups. The methacrylic carbanion of this
monomer exhibits a strong tendency to react with
the carbonyl and epoxy groups. Anionic initiators
are also able to induce the ring-opening polymeriza-
tion of oxirane under specific experimental condi-
tions, which depend mainly upon the counterions
used. However, the initiation of the ring-opening
reaction still occurs, even under the chosen experi-
mental conditions (low temperature and Li counter-
ion). The resulting alkoxide sites are not sufficiently
nucleophilic to attack a methacrylic unsaturated car-
bon double bond.8 Possible side reactions of GMA
occur on the carbonyl or oxirane group. If the car-
banions attack the carbonyl group and oxirane
group of GMA, this will result in the formation of
tert-hydroxyl group and primary hydroxyl group,
respectively. As a result, the anionic polymerization
of GMA is generally performed at extremely low
temperature (e.g., �78�C) to reduce or eliminate side
reactions.
GMA-based homopolymers and copolymers con-

taining epoxy groups are potential functional materi-
als that have various applications. For instance, they
can be used as polymeric reagents. The high
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chemical reactivity of the epoxy groups with various
reagents provides novel approaches to prepare
numerous multifunctional polymers.

The preparation of well-defined block copolymers
requires that every individual step, including sepa-
rated polymerization reactions, must be highly effi-
cient and carefully controllable. It is obvious that
these synthetic strategies involve special care in their
design and application. Living anionic polymeriza-
tion is one of the most reliable and useful methods
for the synthesis of well-defined block copolymers.
For example, when the styrene monomers are com-
pletely consumed by the anionic polymerization (the
rate of conversion could easily reach 100% in a few
minutes), the polystyrene oligomer containing reac-
tive groups could be further prepared by the addi-
tion of other monomers with two functional groups
into the living system. Theoretically, the molecular
weight, molecular structure, and sequence distribu-
tion of the final products could be ideally controlled
by anionic polymerization.

There have been several publications regarding the
anionic polymerization of block copolymers contain-
ing GMA segments.8–16 Hild and Lamps12 investi-
gated the sequential anionic polymerization of styrene
and GMA in tetrahydrofuran (THF) and obtained
diblock and triblock copolymers with well-controlled
structures and fairly low polydispersities. The anionic
polymerization of (meth)acrylates is commonly per-
formed in THF, for it allows the polymerization to
carry on in a living manner. THF, being a polar rea-
gent, accelerates the polymerization rate, but it also
limits the usage range of polymerization temperature
for its low boiling point (66�C at 760 Torr). This
requires the polymerization to be performed under
very low temperatures (usually <�55�C under nor-
mal pressure). The relative short polystyrene block is
easily dissolved in toluene. In addition, with the boil-
ing point of the solvent taken into account, toluene
(bp ¼ 110.6�C under normal pressure) is selected to
serve as the hydrocarbon solvent for the copolymer-
ization. In this article, a new synthetic approach is
reported, which could allow the number of epoxy
groups to be adjusted appropriately to address the
practical requirements. There were three steps in the
preparation. First, the monomer was dissolved in tol-
uene instead of THF, for toluene was more convenient
to implement the anionic polymerization of styrene
under a relatively higher temperature (>0�C). Second,
polystyrene precursors were prepared at 0–5�C in the
presence of lithium chloride (LiCl) as the ligand, and
then, the polystyrene precursors were end-capped
with 1,1-diphenylethylene (DPE). Finally, GMA
monomers were incorporated into the system at a low
temperature (ca. �65�C) to form polystyrene oligom-
ers containing pendent epoxy groups.

In this study, polystyrene oligomers containing sev-
eral side epoxy groups with narrow molecular weight
distributions were preliminarily prepared via the
copolymerization of polystyryl lithium (PSLi) with
GMA. In this study, we mainly focused on simplify-
ing the copolymerization procedure and ensuring
that the pendent epoxy groups of GMA remained
unaffected during the preparation. Another objective
was to control the average number of pendent side
epoxy groups for versatile applications.

EXPERIMENTAL

Materials

Solvent

Toluene (analytical reagent; Shanghai Lingfeng
Chemical Reagent Co., Ltd., Shanghai, China) was
used as a polymerization solvent. To obtain hyper-
pure toluene, two successive distillations were con-
ducted. In the first step, toluene was distilled over
freshly crushed calcium hydride (CaH2). It was fur-
ther distilled from a few drops of a n-butyllithium
(n-BuLi) dilute solution under reduced pressure im-
mediately before use.
THF (analytical reagent; Shanghai Chemical Rea-

gent Co., Ltd., Shanghai, China) was dried with
CaH2 under refluxing for more than 24 h under an
atmosphere of argon. Then, it was distilled again
and refluxed with sodium wire for 10 h, and finally,
it was distilled from a fresh benzophenone-sodium
adduct dilute solution.8 THF was used as a solvent
for LiCl and as polar additive for the anionic synthe-
sis of polystyrene precursors.
Methanol (HPLC; Shanghai Chemical Reagent

Co.), for the quenching of the polymerization reac-
tions, was degassed on a vacuum line several times
before distillation and stored in a tight Schlenk ves-
sel. Absolute ethanol (analytical reagent; Shanghai
Chemical Reagent Co., Shanghai, China), for the pre-
cipitation of polymers, was used as received. Cyclo-
hexane (analytical reagent; Jiangsu Yangnong Chem-
ical Reagent Co., Ltd., Yangzhou, China), for the
precipitation, was also used as received.

Monomers

Styrene (analytical reagent; Shanghai Lingfeng Chem-
ical Reagent Co.) was dried over calcium chloride
(CaCl2) for 24 h. The inhibitor in styrene was elimi-
nated by a first distillation over CaH2 under reduced
pressure. It was vacuum-distilled again over sodium
wire every time before use.
GMA (from Dow Chemical Co., 99.4%) was dried

over CaH2 with magnetic stirring for more than 24 h
and vacuum-distilled twice slowly over pure CaH2

powder; the first and the last fractions were
removed. The middle fraction was stored in a
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Schlenk vessel at a low temperature and was dis-
tilled with a small amount of (1,1-diphenylhexyl)-
lithium (DPHLi) before use.16

DPE (99%; Acros Organics, Geel, Belgium) was
distilled twice over sodium wire.

Initiators

n-BuLi (Acros; a 2.5M solution in hexane) was
diluted with purified hexane, and its concentration
(1.0M) was determined by Gilman double titration.17

DPHLi was used to refine the relevant monomers
and solvents. It was prepared by the in situ reaction
of n-BuLi and DPE in THF at �30�C.

LiCl (99%; Acros) was used as received. It was
dissolved in THF to form a saturated solution and
was titrated by n-BuLi until a reddish color
appeared after the addition of a few drops DPE.

Polymerization

Synthesis of the polystyrene precursors

The anionic polymerization of styrene initiated by
n-BuLi was carried out in toluene at 0–5�C for 1 h
with the protection of argon under normal pressure
in a glass reactor equipped with a magnetic stirrer.
An oven-dried, toluene-rinsed flask was prepared
first. After 48 mL of toluene, 12 mL of styrene, and
3.54 mL of THF (the molar ratio of THF to living
sites was 10 : 1, and the volume ratio of toluene to
THF was 1 : 0.074) were injected into the flask with
dry syringes, the flask was cooled to 0�C immedi-
ately in an ice–salt bath. Then, a few drops of an
n-BuLi dilute solution (0.3M in hexane) were added
slowly into the system to neutralize the remaining
protonic impurities with relatively vigorous mag-
netic stirring. After that, a certain volume (depend-
ent on the desired molar mass of the polystyrene
precursors) of the n-BuLi solution was added at
once into the flask under vigorous stirring. The reac-
tion mixture immediately turned a deep red color
during the process of the addition. The characteristic
red color indicated the formation of polystyryl car-
banion. The reaction temperature was kept at
approximately 0�C to eliminate the possible chain-
transfer reaction in toluene, and the reaction was
maintained to last for 1 h. A portion of living poly-
styrene precursor (1.5 mL) was withdrawn to an
attached receiver and quenched by the addition of a
small amount of methanol to determine the molecu-
lar weight and polydispersity index of the homo-
polymer by gel permeation chromatography (GPC).

Synthesis of the DPE-end-capped
polystyrene precursors

A 1.2-fold molar excess of DPE was added to the
remaining reaction mixture; this instantly turned the

solution deep red. The reaction was allowed to keep
stirring for 15 min to ensure the complete conversion
of PSLi into DPE-end-capped PSLi. The resulting
DPE-end-capped PSLi was a dark red product.

Synthesis of the polystyrene oligomer

The calculated volume of GMA (the calculated molar
ratio of GMA to living sites ranged from 3 : 1 to 10 : 1)
was incorporated into DPE-end-capped PSLi all at
once instead of dropwise under efficient stirring
beneath �70�C so that initiation would proceed im-
mediately. The reaction medium turned from deep
red to faint yellow, the characteristic color of the
methacrylic anions. Once the addition was complete,
the reaction temperature was raised to �65�C and
kept for a desired time. The reaction was terminated
with degassed methanol, and the product was pre-
cipitated in a large excess of ethanol. The obtained
oligomers were vacuum-dried overnight at 50�C until
a constant weight was reached. To remove the excess
DPE, fractionation was performed by the addition of
methanol to a 1% solution of polymer in cyclohexane.

Characterization of the polystyrene precursors
and poly(styrene–glycidyl methacrylate)

GPC

The molecular weight and molecular weight distribu-
tion of the oligomers were determined with a Waters
515 gel permeation chromatograph (Wyatt Technol-
ogy Co., Santa Barbara, USA). The measurements
were carried out with THF as an eluent at 30�C with
a flow rate of 1.0 mL/min, and the standard styrene–
divinylbenzene copolymers were used in the GPC
columns. The instrument was calibrated with polysty-
rene standards (Polymer Laboratories, Palo Alto,
USA). Samples [number-average molecular weight
(Mn) ¼ 2000–15,000 g/mol] were prepared with a
concentration of about 0.01 g/mL in THF.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the oligomers were recorded by a
Nicolet Magna-IR500 (Thermo Fisher Scientific Inc.,
Waltham, USA) infrared spectrophotometer (Bruker
Co., Ettlingen, Germany). Thin films of the oligom-
ers on KBr salt plates were prepared for testing.
Thin films of the samples were prepared by dissolu-
tion of the polymer (ca. 200 mg) in chloroform (2
mL) followed by deposition on the KBr salt plates.
The samples were scanned at frequencies from 400
to 4000 cm�1, and the number of scan times was 32.
The resolution was set at 2 cm�1.

1H-NMR spectroscopy

1H-NMR spectra of the oligomers were recorded in
CDCl3 with a Bruker AVANCE DRX500 NMR

2568 ZHANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



spectrometer (Bruker Co., Ettlingen, Germany). Tet-
ramethylsilane was added to the deuterated solvent
as an internal standard. Samples were prepared by
dissolution of 200 mg of polymer in 1.0 mL of the
solvent [deuterated chloroform (CDCl3)].

13C-NMR spectroscopy

13C-NMR spectra (13,000 scans at 125 MHz with
(enter value for pulse sequence parameter (delay)) d1
¼ 6 s) were also obtained on the Bruker AVANCE
DRX500 NMR spectrometer.

Chemical titration of epoxy groups

The content of side epoxy groups herein, which
means the molar ratio of epoxy groups to the
oligomers in the polystyrene oligomers, was
obtained via a known argentimetric method for ep-
oxy group detection.18 The content of side epoxy
groups was calculated with the following equation:

Content of side epoxy groups

¼ BN � bnð Þ � SN � snð Þ
1000W

Mn

where B is the volume of silver nitrate used in titrat-
ing the blank sample (mL), S is the volume of silver
nitrate used in titrating the oligomer (mL), N is the
normality of the silver nitrate solution, b is the vol-
ume of ammonium thiocyanate used in titrating the
blank sample (mL), s is the volume of ammonium
thiocyanate used in titrating the oligomer (mL), n is
the normality of ammonium thiocyanate, W is the
weight of the oligomer (g), and Mn is the number-
average molecular weight of the oligomer.

RESULTS AND DISCUSSION

Analysis of the GPC chromatogram

The molecular weight of the polystyrene oligomers
was analyzed by GPC. A typical GPC profile of the
products is shown in Figure 1. Figure 1(B) is the
curve of the corresponding polystyrene precursor [S-
D-508; Mn ¼ 2679 g/mol, weight-average molecular
weight (Mw) ¼ 2787 g/mol, Mw/Mn ¼ 1.041]. After
copolymerization, a slight increase in the molecular
weight was observed. Mn of the target product [S-G-
508; Fig. 1(A)] was 3703 g/mol with a narrow molec-
ular weight distribution (Mw/Mn ¼ 1.104; see Fig. 1).
Both Mn values of the two products were satisfacto-
rily in agreement with the theoretical values calcu-
lated from the molar ratio of the monomers to the
initiator, and the molecular weight distribution was
very narrow; this demonstrated that the anionic
polymerization proceeded in a living mode. If there

was, in the side reaction, carbanions attacking the car-
bonyl group or oxirane, there should have been lower
or higher molecular weight side products might
appear in GPC curve. From GPC curves, there was
nothing to reveal the presence of lower and higher
molecular weight side products, confirming the ab-
sence of side reactions of carbonyl and epoxy groups.
The results attained with GPC were semiquantita-

tive because the mass responses detected for some cal-
ibration compounds were too widespread. The molar
mass of the GMA segments per macromolecular chain
was able to be determined semiquantitatively by the
subtraction of Mn of the polystyrene precursor from
Mn of the corresponding polystyrene oligomer. In
addition, the deviation of the experimental value of
the molar mass of the polystyrene precursor from its
theoretical value had a significant effect on the molar
mass error of the GMA segments. This was because
the amount of GMA incorporated was based on the
calculated value from the moles of polystyrene precur-
sor. Therefore, it was important to ensure the narrow
molecular weight distribution of the polystyrene pre-
cursors and the complete conversion of the

Figure 1 GPC profiles of (A) the polystyrene oligomer
and (B) the polystyrene precursor. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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polystyrene monomers to minimize the deviation of
the average number of GMA segments.

Analysis of the FTIR spectra

Typical FTIR spectra of a polystyrene oligomer (S-G-
508) and a polystyrene precursor (S-D-508) are shown
in Figure 2(A,B), respectively. No obvious absorbance
was observed at 1620 and 1680 cm�1 in both spectra,
which indicated the absence of carbon double bonds
in the polystyrene oligomers. The GMA segments in
the products was confirmed by the presence of the
characteristic band at 1732 cm�1, corresponding to
saturated ester’s carbonyl group, which differs from
unsaturated ester’s carbonyl group with a characteris-
tic band at 1722 cm�1 of the GMA monomer. This also
can be used to verify the absence of unreacted GMA
monomer embedding in the polystyrene oligomers.
The absorption peaks around 1253, 912, and 861 cm�1

observed in the FTIR spectrum of Figure 2(A) con-
firmed the presence of epoxy groups. As was men-

tioned previously, the side reaction of carbonyl (or
oxirane) with carbanions would result in the forma-
tion of hydroxyl groups. The adsorption band of
hydroxyl group might be identified with ease in the
FTIR spectrum. However, there was no obvious
absorption band around 3433 cm�1; this indicated
that the oxirane ring-opening reaction did not occur
during the copolymerization.

Analysis of the 1H-NMR spectrum

Further characterization was conducted with 1H-
NMR, which provided structural information about
the backbone and side groups of the polystyrene
oligomers. A typical 1H-NMR spectrum of the polysty-
rene oligomers (sample S-G-508) is shown in Figure 3.
The chemical shifts (d) at 1.43 and 1.59 ppm were
assigned to the ACH2A protons of both the styrene
and GMA units, and those at 1.87 and 2.05 ppm were
assigned to the ACHA protons of styrene units. The
chemical shifts around 6.46 and 7.11 ppm were
assigned to the aromatic protons of benzene rings,
whereas the shift at 7.24 ppm was assigned to the pro-
tons of CDCl3. In the 1H-NMR spectrum, the chemical
shifts at 2.65 ppm [Fig. 3(e)] and 2.84 ppm [Fig. 3(d)]
were attributed to the ACH2A protons, and that at
3.24 ppm [Fig. 3(c)] was attributed to the ACHA

Figure 2 FTIR spectra of (A) the polystyrene oligomer
and (B) the polystyrene precursor. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 3 1H-NMR spectrum of the polystyrene oligomer.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

TABLE I
Effect of the GMA Dosage on the Content of Side Epoxy Groups of the Polystyrene Oligomers

Samplea Mth
b Mn

c Mw
c Mw/Mn

c [GMA]/[n-BuLi]d ([GMA]/[PSLi])H
e ([GMA]/[PSLi])T

f

S-G-703 4500 5215 5642 1.08 5 : 1 5.24 5.38
S-G-508 2500 3703 4090 1.10 7 : 1 6.85 6.76
S-G-729 4500 5563 6253 1.12 8 : 1 8.59 8.16
S-G-730 5000 6696 7532 1.12 10 : 1 10.91 10.72

a All samples were prepared at �65�C with n-BuLi in the presence of a small amount of LiCl. The concentration of
styrene in toluene was 20% (v/v), the [THF]/[n-BuLi] ratio was 10 : 1, and the copolymerization time was 0.5 min.

b Theoretical value of the molecular weight (calculated from the molar ratio of the monomer to the initiator).
c Experimental values (determined by GPC).
d Molar ratio of GMA to n-BuLi.
e Average number of GMA segments in one copolymer chain (determined from 1H-NMR spectra).
f Experimental value of the average number of GMA segments in one copolymer chain (determined by chemical titration).
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protons of epoxy rings. The two peaks at 3.79 ppm
[Fig. 3(b)] and 4.34 ppm [Fig. 3(a)] were assigned to
the ACH2A protons next to the epoxy group.12–14 The
peaks (ca. 5.6 and 6.8 ppm) attributed to the protons of
the carbon double bonds were not observed in the
spectrum; this indicated the absence of the protons
corresponding to the methacrylic unsaturation. The
content of side epoxy groups was also determined
from the spectrum according to the method described
in ref. 12. The results are listed in Tables I–IV.

Analysis of the 13C-NMR spectrum

Further evidence for the detailed carbon structural
information of oligomers was provided by 13C-NMR
analysis. The 13C-NMR spectrum of sample S-G-508
is shown in Figure 4. The carbons of particular inter-
ests were the carbons attached to the AOACH2A
group on GMA (10, 12, and 13). The characteristic
weak signal at d ¼ 176.85 ppm was assigned to the
carbonyl group on GMA. Each of the particular car-
bons from the oxirane group has a unique chemical
shift in the region between d ¼ 44.55–45.82 ppm and
d ¼ 49.49 ppm.19 The chemical shift at d ¼ 66.58
ppm corresponded to the ACH2A adjacent to the
oxirane ring. No signal at d ¼ 66.58–70 ppm, corre-
sponding to the carbon of ACHAOH, was observed;
this indicated that GMA underwent selective anionic
polymerization of carbon double bonds in the coex-

istence of DPE and LiCl. No side product of the
ring-opening reaction of the oxirane ring was spot-
ted in the 13C-NMR spectrum.
According to the previous analysis, the possible

reaction mechanism was that DPE-end-capped poly-
styryl carbanion mainly attacked the b carbon atom
of the carbon double bonds in GMA and broke the
double bonds to form the a carbanion. Then, the a
carbanion initiated another GMA monomer to
induce the addition polymerization. Namely, GMA
was initiated by the macroinitiator (PSLi). In this
way, the polystyrene oligomer, containing several
untouched side epoxy groups, was prepared (see
Scheme 1; the maximum value of m was 10 in our
experiments). The polydispersity values of these
products were much lower than those reported by
Hild and Lamps,12 and the experimental conditions
were much more moderate.

Factors influencing the content of
side epoxy groups

Effect of the GMA dosage on the content
of side epoxy groups

The content of side epoxy groups of the polystyrene
oligomers was analyzed by chemical titration (hydro-
chloric acid/dioxane argentimetric method). The
results are listed in Tables I–IV. The effect of GMA dos-
age on the content of side epoxy groups is listed in

TABLE II
Effects of the Copolymerization Temperature on the Content of Side Epoxy Groups of the Polystyrene Oligomers

Samplea
Copolymerization
temperature (�C)b Mn Mw Mw/Mn ([GMA]/[PSLi])H

c ([GMA]/[PSLi])T
d

S-G-605 �60 3556 4000 1.12 6.02 6.46
S-G-508 �65 3703 4090 1.10 6.85 6.76
S-G-614 �69 3784 4268 1.13 7.63 7.84
S-G-615 �74 3679 4157 1.13 6.89 7.12

a All samples were prepared in the presence of a small amount of LiCl. The concentration of styrene in toluene was
20% (v/v), the [THF]/[n-BuLi] ratio was 10 : 1, the [GMA]/[n-BuLi] ratio was 7 : 1, and the copolymerization time was
0.5 min.

b Temperature at which GMA was added to the DPE-end-capped polystyrene precursors.
c Average number of GMA segments in one copolymer chain (determined from 1H-NMR spectra).
d Experimental value of the average number of GMA segments in one copolymer chain (determined by chemical titration).

TABLE III
Effect of the Copolymerization Time on the Content of Side Epoxy Groups of the Polystyrene Oligomers

Samplea Copolymerization time (min) Mn Mw Mw/Mn ([GMA]/[PSLi])H
b ([GMA]/[PSLi])T

c

S-G-508 0.5 3703 4090 1.10 6.85 6.76
S-G-704 1.5 4968 5359 1.08 6.77 6.83
S-G-705 2.0 5616 6009 1.07 7.85 7.93
S-G-706 2.5 5580 5989 1.07 7.60 7.84
S-G-804 5.0 5557 6327 1.14 7.94 7.56

a All samples were prepared at �65�C in the presence of a small amount of LiCl. The concentration of styrene in tolu-
ene was 20% (v/v), the [THF]/[n-BuLi] ratio was 10 : 1, and the [GMA]/[n-BuLi] ratio was 7 : 1.

b Average number of GMA segments in one copolymer chain (determined from 1H-NMR spectra).
c Experimental value of the average number of GMA segments in one copolymer chain (determined by chemical titration).
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Table I. The content of side epoxy groups increased
with increasing GMA dosage, and the measured con-
tent value of side epoxy groups was close to the theo-
retical value. This result also confirmed that the addi-
tion polymerization of GMA with DPE-end-capped
PSLi was an effective reaction achieved by the opening
of the double bonds. Therefore, the average number of
side epoxy groups was preliminarily adjusted by a
change in the molar ratio of GMA to the polystyrene
precursors (<10) according to the actual need. This fol-
lowed the rule of anionic living polymerization, but as
soon as the GMA dosage accrued, the copolymerization
would have become complicated for the poor solubility
of poly(glycidyl methacrylate) (PGMA) in toluene.
Future work will be extended to investigate the influ-
ence of GMA dosage when the molar ratio of GMA and
polystyrene precursors is much larger than 10.

Effect of the copolymerization temperature
on the content of side epoxy groups

A previous study20 focused on the reaction of GMA
and polystyrene precursors at various temperatures
(>0�C). In this study, we investigated the effect of
the reaction temperature on the content of epoxy
groups. The result showed a broad molecular weight
distribution (ca. 1.3) on the GPC profiles and a com-
paratively large deviation in the molecular weight
between the theoretical and measured values. The
content of epoxy groups decreased with increasing
reaction temperature at an identical molar ratio of
GMA to polystyrene precursors. The ring-opening
reaction of the oxirane rings was confirmed by the
FTIR spectra. This could be used to explain the devi-
ation between the theoretical and measured values
of the content of epoxy groups. To eliminate the side
reactions derived from GMA and to prepare polysty-
rene oligomers with well-defined structures, well-
controlled molecular weights, and narrow molecular
weight distributions, all of the experiments were
performed at a low temperature (beneath �60�C).
The effect of the copolymerization temperature on

the content of epoxy groups is shown in Table II.
Ruckenstein and Zhang14 verified that the carban-
ions of PMMA could not react with oxirane ring on
GMA in THF solutions below �40�C. Our results
were in agreement with those of Ruckenstein and
Zhang. They reveal that the DPE was an efficient
steric hindrance reagent to eliminate any side reac-
tions of the carbonyl groups. As shown in Table II,
there were no large fluctuations of molecular weight
and distribution at different temperatures (below
�60�C). Meanwhile, the extremely low temperature
(below �80�C) resulted in a remarkable increase in
the viscosity of the solution in this experiment, pre-
sumably because of the solubility drop of GMA in tol-
uene. Therefore, it was unfavorable for the further
synthesis of polystyrene and PGMA block copolymers
with longer GMA segments. Most of our experiments
in this study were performed at around �65�C.

Effect of the copolymerization duration on the
content of side epoxy groups

Table III shows the effect of different copolymeriza-
tion times on the content of side epoxy groups on
the polystyrene oligomers. With a further increase in
the copolymerization time after 30 s, the content of
side epoxy groups remained basically unchanged,

TABLE IV
Effects of the Molecular Weights of the Polystyrene Precursors on the Content of Side Epoxy Groups

of the Polystyrene Oligomers

Samplea Mth
b Mn Mw Mw/Mn [GMA]/[n-BuLi] ([GMA]/[PSLi])H

c ([GMA]/[PSLi])T
d

S-G-508 3,816 3,703 4,090 1.10 7 : 1 6.85 6.76
S-G-515 4,816 4,448 4,902 1.10 6 : 1 6.67 6.79
S-G-516 6,316 5,987 6,444 1.08 7 : 1 6.95 6.83
S-G-517 9,100 8,601 9,038 1.05 8 : 1 7.75 7.56
S-G-522 12,168 12,160 13,120 1.08 15 : 1 15.81 15.58

a All samples were prepared at �65�C in the presence of a small amount of LiCl. The concentration of styrene in
toluene was 20% (v/v), the [THF]/[n-BuLi] ratio was 10 : 1, and the copolymerization time was 0.5 min.

b Theoretical value of the molecular weight (calculated from the molar ratio of the monomer to the initiator).
c Average number of GMA segments in one copolymer chain (determined from 1H-NMR spectra).
d Experimental value of the average number of GMA segments in one copolymer chain (determined by chemical titration).

Figure 4 13C-NMR spectrum of the polystyrene oligomer.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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even after 10 min. After the reaction was terminated
by methanol, no evident unreacted GMA monomer
in toluene could be observed by FTIR spectrum. The
polydispersity index was approximately 1.1, and the
molecular weight was close to the designed value.
The copolymerization time (30 s) was long enough
to consume all of the monomers without noticeable
deactivation of the living sites. The extension of time
did not result in side reactions when the copolymer-
ization system was maintained constant copolymer-
ization temperature. Therefore, the copolymerization
time could be reduced appropriately to obtain poly-
styrene oligomers with relatively short (�10) PGMA
segments. In this study, most of the copolymer liv-
ing centers were quenched at 30 s.

Effect of the polystyrene precursor molar mass
on the content of side epoxy groups

Table V shows the GPC results of the DPE-end-
capped polystyrene precursors quenched by metha-
nol. The results measured by GPC method were
very close to theoretical values, and the molecular
weight distributions were quite narrow. Clearly, the
styrene monomers were polymerized completely,
and no chain-transfer reaction was found in toluene
at 0–5�C, which was also in agreement with the liter-
ature.21 The effects of various molar mass of DPE-
end-capped polystyrene precursors on the content of
side epoxy groups in polystyrene oligomers are
shown in Table IV. According to the classic anionic
polymerization theory, the DPE-end-capped poly-
styrene precursors should have had almost the same
nucleophilicity, which was only dependent on the

end groups (counterions) instead of the molecular
weight of the whole polystyrene chain. The results
in the experiments also provided good evidence for
it. This was based on the good solubility of poly-
styrene precursors with relatively small molecule
chains in toluene. Otherwise, the curl molecule
chains derived from the poor solubility would have
caused negative effects on the copolymerization.
This factor could possibly be neglected here. This
living character of anionic polymerization made it
possible to adjust the molecular weight of the poly-
styrene backbone without affecting the average num-
ber of side epoxy groups.

CONCLUSIONS

This study was a rather superficial investigation on
the copolymerization of styrene and GMA, and the

TABLE V
Average Molecular Weights and Polydispersity Indices

of the Polystyrene Precursors

Samplea Mth
b Mn Mw Mw/Mn

S-D-508 2,500 2,679 2,787 1.04
S-D-515 3,500 3,356 3,480 1.04
S-D-516 5,000 4,804 5,029 1.05
S-D-517 7,500 7,244 7,564 1.04
S-D-522 10,000 10,290 10,770 1.05

a All samples were prepared at 0�C. The concentration
of styrene in toluene was 20% (v/v), the [THF]/[n-BuLi]
ratio was 10 : 1, and the reaction time was 1.0 h.

b Theoretical value of the molecular weight (calculated
from the molar ratio of the monomer to the initiator with
the molar mass of DPE neglected).

Scheme 1 Synthesis steps for polystyrene oligomers with several pendent epoxy groups.
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products reported here had relatively short PGMA
blocks. We have provided a new method to synthe-
size polystyrene oligomers to modify polystyrene.
The attempt to use toluene as a solvent was success-
ful. The DPE-end-capped polystyrene precursors
were capable of sufficiently initiating the polymer-
ization of GMA in the presence of LiCl under low
temperature. During the polymerization, the metha-
crylic double bonds of GMA were opened, whereas
the carbonyl and epoxy groups remained unaffected.
The average number of side epoxy groups was close
to the theoretical value. The distribution of the
molecular weight was close to 1.1. The extension of
the copolymerization time and the changing length
of the polystyrene chain did not have a significant
effect on the epoxy groups of the final products.
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