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Abstract

The synthesis of ABC triblock copolymer poly(ethylene oxide)-block-poly(methyl methacrylate)-block-polystyrene (PEO-b-PMMA-b-
PS) via atom transfer radical polymerization (ATRP) is reported. First, a PEO-Br macroinitiator was synthesized by esterification of PEO
with 2-bromoisobutyryl bromide, which was subsequently used in the preparation of halo-terminated poly(ethylene oxide)-block-
poly(methyl methacrylate) (PEO-b-PMMA) diblock copolymers under ATRP conditions. Then PEO-b-PMMA-b-PS triblock copolymer was
synthesized by ATRP of styrene using PEO-b-PMMA as a macroinitiator. The structures and molecular characteristics of the PEO-b-

PMMA-b-PS triblock copolymers were studied by FT-IR, GPC and 'H NMR.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Within the past 30 years, experimental procedures have
been established for the synthesis of well-defined linear
ABC triblock copolymers. These well-defined structures
have elicited fascination not only for theoreticians modeling
phase behavior [1-3] but also in the physical realm for
studying morphological transitions [4-6]. Many unique
morphologies and interesting microdomain structures have
been observed and reported in such ABC materials [7-12].

In comparison with diblock copolymers, linear ABC
triblock copolymers have more independent parameters on
their phase behavior, thus displaying a variety of different
morphologies [13]. The investigations show that the
morphology of the ternary system is influenced not only
by the overall molecular weight, the mole fraction of each of
the block, and temperature but also by the sequence of the
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blocks [14,15], chemical modification of one block [8], and
the solvent [16].

Traditionally, block copolymers are synthesized by the
sequential living polymerizations of different monomers in
the same polymerization system [17,18] or by coupling
reaction of the preformed functional polymers [19]. To
prepare well-defined triblock copolymers with narrow
molecular weight distribution, living anionic polymeriz-
ation is usually used [20-22], but the monomers used in the
anionic polymerization are limited. The recent development
of controlled/‘living’ radical polymerizations, especially
atom transfer radical polymerization (ATRP), has opened a
new route to synthesize polymers with well-defined
structures [23-32]. ATRP has been well studied because it
is not only fit for a variety of monomers [24-26], but also
one of most effective methods to prepare precise block
copolymers by the sequential polymerization of different
monomers [27-30]. Matyjaszewski and coworkers have
demonstrated the ability of ATRP to prepare multiblock
copolymers [33-35]. ABC triblock copolymers of poly
(tBA-b-styrene-b-methyl acrylate) [34,35] and ABCBA
multiblock copolymer of poly(4-vinylpyridine-b-MMA-b-
tBA-b-MMA-b-4-vinylpyridine) [35] were reported.
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Wooley et al. [36] prepared an ABC triblock copolymer of
poly(tBA-b-methyl acrylate-b-styrene) using ATRP
methods. Pan et al. [37] synthesized poly(LLA-b-St-b-
MMA) triblock copolymers by combination of ATRP and
ROP. Recently, Dhamodharan et al. [38] reported the
synthesis of ABC triblock copolymers of poly(styrene-b-
tBA-b-MMA) and CBABC multiblock copolymer of
poly(MMA-b-tBA-b-styrene-b-tBA-b-MMA) by ATRP.

Here, we design a novel ABC triblock copolymer
consisting of crystallizable PEO, amorphous PMMA and
PS blocks as A, B and C components, respectively. The aim
of the research is to investigate the compatibility among
three different components and the crystallization behavior
of PEO in this ternary system. To our knowledge, such a
ternary system has hardly been explored. In this paper we
describe the synthesis of PEO-b-PMMA-b-PS triblock
copolymers by the ATRP route. The structures and
molecular characteristics of the PEO-b-PMMA-b-PS tri-
block copolymers were studied by FT-IR, GPC and 'H
NMR. The compatibility and the potential morphological
behavior of this ABC ternary system are under our
investigation.

2. Experimental

2.1. Materials

2-Bromoisobutyryl bromide (98%, Alfa) was freshly
distilled at room temperature under vacuum. Triethylamine
(TEA) was refluxed with p-toluenesulfonyl chloride and
then distilled. The resulting amine free TEA was stored over
CaH,. Before use, it was refluxed and distilled again. 4-
(Dimethylamino)pyridine (DMAP) was recrystallized from
toluene. Methylene dichloride (CH,Cl,) was shaken with
portions of concentrated H,SO, until the acid layer
remained colorless, then washed with water, aqueous 5%
NaHCOj; and with water again, and finally distilled from
CaH,. PEO (M,=5000, Alfa) was dried by azeotropic
distillation with toluene before use. Traces of residual
toluene were removed under vacuum. Chlorobenzene (99%,
Acros) was washed with concentrated sulphuric acid to
remove thiophenes, followed by washed twice with water,
once with 5% sodium carbonate solution, and again with
water before dried with anhydrous calcium chloride and
distilled. CuCl was prepared from CuCl,-2H,O, then stirred
in glacial acetic acid and washed with methanol, and finally
dried in vacuum. Methyl methacrylate (MMA) and styrene
(St) were passed through a column with activated Al,O3
(120-160 mesh) to remove the inhibitor, respectively,
stored over CaH,, and then vacuum distilled before
polymerization. All other reagents (p-toluenesulfonyl chlor-
ide (p-TSCI), tetrahydrofuran (THF), 2,2"-bipyridine (bpy),
ether, ethanol, toluene) were purchased from commercial
sources and used as received without purification.

2.2. Preparation of PEO-Br macroinitiator

A 0.915 g (7.5 mmol) sample of DMAP in 20 ml of dry
methylene dichloride was mixed with 0.505 g (5.0 mmol) of
TEA. The solution was transferred into a 250 ml three-neck
round-bottom flask equipped with condenser, dropping
funnel, gas inlet/outlet, and a magnetic stirrer. After cooling
to 0 °C, 2.875 g (12.5 mmol) of 2-bromoisobutyryl bromide
in 20ml of CH,Cl, was added. To the formed yellow
dispersion was added 25 g (5 mmol) of PEO 5000 in 100 ml
of dry CH,Cl, dropwise during 1 h under dry nitrogen;
subsequently the temperature was allowed to rise to room
temperature. The reaction was continued under stirring for
18 h. The solution was filtered, half of the solvent was
evaporated, and the PEO-Br macroinitiator was precipitated
in cold diethyl ether. After dissolution in absolute ethanol,
the solution was stored overnight to recrystallize the
product. The macroinitiator was filtered, washed with cold
diethyl ether, and dried in vacuum.

2.3. Preparation of PEO-b-PMMA diblock copolymer by
ATRP

PEO-b-PMMA diblock copolymers were synthesized by
solution polymerization in chlorobenzene. In a typical run, a
glass tube was filled with 0.25 g (0.05 mmol) of PEO-Br
macroinitiator, 0.50 g (5 mmol) of MMA, 0.0050 g
(0.05 mmol) of CuCl, 0.0234 g (0.15 mmol) of bpy and
1.125 g of chlorobenzene. After degassed with three freeze-
pump-thaw cycles, the tube was sealed under vacuum and
then immersed in a thermostated oil bath at 50 °C. At a
certain time, the tube was withdrawn and cooled to room
temperature. The reaction mixture was diluted with THF.
After passing the solution through a column with activated
Al,O3 to remove the catalyst, and precipitating into ether,
PEO-b-PMMA diblock copolymer was obtained and dried
in a vacuum oven overnight at room temperature.

2.4. Preparation of PEO-b-PMMA-b-PS triblock copolymer
by ATRP

PEO-b-PMMA-b-PS triblock copolymers were syn-
thesized by bulk polymerization. In a typical run, a glass
tube was filled with 0.216 g (0.02 mmol) of PEO-b-PMMA
(a), 0.416 g (4 mmol) of styrene, 0.0020 g (0.02 mmol) of
CuCl, 0.0094 g (0.06 mmol) of bpy. After degassed with
three freeze-pump-thaw cycles, the tube was sealed under
vacuum and then immersed in a thermostated oil bath at
110°C. At a certain time, the tube was withdrawn and
cooled to room temperature. The reaction mixture was
diluted with THF. After passing the solution through a
column with activated Al,O5 to remove the catalyst, and
precipitating into ether, PEO-b-PMMA-b-PS triblock copo-
lymer was obtained and dried in a vacuum oven overnight at
room temperature.
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2.5. Characterization

The yield of the polymerization was determined
gravimetrically. FT-IR spectra of PEO-Br macroinitiator
and related block copolymers were recorded on a Perkin—
Elmer Spectrum One Fourier Transform Infrared Spec-
trometer using the KBr pellet technique. The number
average molecular weights M, and polydispersity M,/M,
were measured with a Waters 1515 gel permeation
chromatograph equipped with three Styragel columns
(10°, 10* and 10° A) using THF as an eluent (1.0 ml/min)
at 30 °C. The column system was calibrated by a set of
monodisperse polystyrene standards. "H NMR spectra were
obtained at 25 °C on a Bruker AV400 NMR spectrometer
(400 MHz) using CDCl5 as solvent and tetramethylsilane
(TMS) as the internal reference.

3. Results and discussion

The synthetic procedures of PEO-Br macroinitiator,
PEO-b-PMMA diblock copolymer and PEO-b-PMMA-b-
PS triblock copolymer are presented in Scheme 1.

First, a bromo telechelic PEO macroinitiator (PEO-Br)
was synthesized by reacting PEO with 2-bromoisobutyryl
bromide according to the literature [39]. The chemical
structure of the resulting PEO-Br macroinitiator was
characterized by a 400 MHz "H NMR spectroscopy (Fig.
1). The complete substitution of the hydroxyl group of PEO
in CDCl; around 2.45 ppm disappeared after the esterifica-
tion and two new signals have appeared at 4.33 and
1.94 ppm due to the substituted PEO. The peak area ratio of
a, b and d is 6:2:3, which also confirmed the complete
esterification. Thus the obtained PEO-Br macroinitiator is

™1
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Scheme 1. Synthetic route of PEO-b-PMMA-b-PS triblock copolymer.

functionalized with w-a-bromoisobutyryl group. By com-
parison of the integral ratio of signals (a) and (c), molecular
weight of PEO-Br was estimated to be 5500 g/mol.

The PEO-b-PMMA diblock copolymer was then pre-
pared by using PEO-Br as initiator. CuBr/bpy and CuCl/bpy
were used, respectively, to catalyze atom transfer radical
polymerization of MMA with PEO-Br macroinitiator in this
work. The reaction was carried out in chlorobenzene
solution at 50 °C. The molar ratio of MMA, PEO-Br,
CuBr or CuCl, bpy was 100:1:1:3.

Fig. 2(a) shows a typical GPC curve of the PEO-b-
PMMA diblock copolymers synthesized by using PEO-Br
as an initiator and CuBr/bpy complex as a catalyst under
ATRP condition. As observed, the resulting block copoly-
mer displayed bimodal elution peak with a still remaining
unreacted PEO-Br part. It implied that the PEO-Br/CuBr
initiation/catalyst system gave essentially uncontrolled
polymerization, which was attributed to its inefficient
initiation.

Matyjaszewski et al. [40,41] reported utilizing halide
exchange to improve control of ATRP. They found that the
mixed halogen system R-Br/CuCl would give faster
initiation, slower propagation, and therefore better control
of molecular weight and polydispersity. To avoid the above
inefficient initiation phenomenon, we are preferable to carry
out the reaction using a PEO-Br/CuCl mixed halogen
system.

Fig. 2(b) shows a typical GPC curve of the PEO-b-
PMMA diblock copolymers synthesized by using PEO-Br
as an initiator and CuCl/bpy complex as a catalyst. The
resulting copolymer displayed narrow and unimodal elution
peak, and moreover there is no tail on the low molecular
weight, i.e., no remaining PEO-Br macroinitiator even at
low MMA conversion. The results agree with Matyjas-
zewski et al.’s finding [40,41] and confirm that halide
exchange could improve control of ATRP.

As a result of utilizing halide exchange technique [41],
the obtained PEO-b-PMMA diblock copolymers were end
capped with Cl or Br group. The PEO-b-PMMA-b-PS
triblock copolymers were subsequently prepared by ATRP
of styrene using PEO-b-PMMA-X (X =Cl or Br) as initiator
and CuCl/bpy as catalyst. Two PEO-b-PMMA diblock
copolymers (M, nmr 10,800 or 8000 g/mol) were used as
macroinitiator in this work to initiate ATRP of St. The molar
ratio of St, PEO-b-PMMA-X, CuCl and bpy was 200:1:1:3.
The reaction condition was similar to the preparation of
diblock copolymer, except the reaction was carried out in
bulk and the temperature was raised to 110 °C.

Fig. 3 reveals the representative FT-IR spectra of PEO,
PEO-Br and the related di- and triblock copolymers. The
ether stretch occurs at 1109 cm ™! for the copolymers and
PEO precursor. After acetylation reaction, a carbonyl
stretch occurs at 1734 cm™ ' correspondingly in the
spectrum of PEO-Br macroinitiator (Fig. 3(b)). The spectra
of the di- and triblock copolymers (Fig. 3(c) and (d)) also
exhibit 1734 cm ™' absorption peak, assigned to the
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Fig. 1. "H NMR spectrum of PEO-Br macroinitiator.

carbonyl absorption of PMMA block, which is much
stronger than that of PEO-Br macroinitiator. All of the
characteristic absorptions for PEO and PMMA segments
appear in Fig. 3(c) and (d). A new absorption band between
3100 and 3000 cm ™' and two new peaks at 1602 and
700 cm ™' in Fig. 3(d), illustrate the presence of PS block in
triblock copolymer. The intensity of peak at 1493 and
1453 cm ™~ ' increased also owe to the PS block. The bands at
963 and 843 cm ™' are the characteristic of the crystalline
phase of PEO [42]. The two peaks appear in the spectra of
the copolymers, and their intensities are associated with the
content of PEO block and its crystallinity.

GPC analysis was performed to determine the molecular
weights and molecular weight distributions of the triblock
copolymers. GPC chromatographs of all triblock copoly-
mers showed unimodal peaks. Fig. 4 presents the GPC
curves of PEO-b-PMMA (a) and its related triblock

Elution time (min)

Fig. 2. GPC traces of PEO-Br and PEO-b-PMMA diblock copolymers ((a)
catalyzed by CuBr/bpy; (b) catalyzed by CuCl/bpy).

copolymers (1, 2, 3, 4). After the chain extension reaction,
the molecular weight increased from 15,100 to 31,100 g/
mol. The polydispersity of the copolymer is a little higher
than the macroinitiator, but is still lower than the theoretical
value of 1.5 for the controlled/‘living’ free radical
polymerization. This is also the case for other four triblock
copolymers (5, 6, 7, 8).

The chemical structure of PEO-b-PMMA diblock
copolymer and PEO-b-PMMA-b-PS triblock copolymer
was confirmed by "H NMR spectroscopy, which was also
used to determine the composition of the copolymers. Fig.
5(a) shows the 'H NMR spectrum of a PEO-b-PMMA
diblock copolymer (M, gpc= 15,100 g/mol, M,/M,=1.10).
The signals (e, f and g) at 0.8-1.2, 1.7-2.0, 3.60 ppm are
ascribed to the repeated MMA unit. Characteristic reson-
ance of -CH,—CH,— bond (signal (c)) in PEO units is also
present in the "H NMR spectrum of the diblock copolymer.

(%) Transmittance
[e]

LA I | Tt T Tt T T

4000 3500 3000 2500 4 2000 1500 1000 500
cm

Fig. 3. FT-IR spectra of (a) PEO, (b) PEO-Br, (c) PEO-b-PMMA-a and (d)

PEO-b-PMMA-b-PS-3.
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Fig. 4. GPC traces of (a) PEO-b-PMMA-a, (b) PEO-b-PMMA-b-PS-1, (c)
PEO-b-PMMA-b-PS-2, (d) PEO-b-PMMA-b-PS-3 and (¢) PEO-b-PMMA-
b-PS-4.

These data illustrate the presence of both PEO and MMA
blocks in the polymer chain. The composition of the diblock
copolymers was determined by means of 'H NMR
spectroscopy from the integral ratio of the signals originated
from the PMMA block at 0.85 ppm, 1.02 ppm, 1.21 ppm
(signal (e), 3H, CHj3) and from the PEO-Br and MMA
region (3.4-3.8 ppm) (signal (c), 4H, -CH,—CH,—, signal
(g), 3H, O—CH3;) according to the following equation:

S = (I, X 100/3)
YMA T, X 10073 + (Lo g — 1) X 44/4]

Where I, and /., , are the integral of the signals originated
from the PMMA block at 0.8—1.2 ppm and the PMMA and
PEO block at 3.4-3.8 ppm; 100 and 44 are the molar masses
of MMA and —CH,—CH,-O repeat unit in PEO segment
respectively. Calculated from fyma and M, estimated by
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NMR analysis of PEO-Br, we can obtain the number
average molecular weights of the corresponding PEO-b-
PMMA diblock copolymers, which are shown in Table 1.

The typical 'H NMR spectrum of PEO-b-PMMA-b-PS
triblock copolymer was given in Fig. 5(b). Two new signals
have appeared at 1.24-1.63 and 6.29-7.22 ppm, respect-
ively due to the characteristic resonance of —CH,— bond
(signal (i)) and benzene ring (signal (h)) in PS units. The 'H
NMR spectrum also provides strong evidence for the
presence of both PEO and PMMA segments in the polymer
chain.

The absolute molecular weight of PEO-b-PMMA-b-PS
triblock copolymer can be calculated by means of 'H NMR
spectroscopy from the integral ratio of the signals originated
from the PEO, PMMA and PS blocks according to the
following equation:

B (I, X 104/5)
[1, X 104/5 + (I, X 100/3)/fynal

st

Where I, and I, are the integral of the signals originated
from the PMMA block at 0.8—1.2 ppm and the PS block at
6.29-7.22 ppm, respectively; 104 and 100 are the molar
masses of St and MMA, and fypva is the mass fraction of
MMA in the corresponding PEO-b-PMMA diblock copo-
lymer. Calculated from f5; and M, estimated by NMR
analysis of the related PEO-b-PMMA diblock copolymer,
we can obtain the number average molecular weight of the
corresponding PEO-b-PMMA-b-PS triblock copolymers.
Table 1 presents the molecular weights, molecular
weight distributions, and compositions (block lengths and
PEO contents in weight) of all triblock copolymers
synthesized in this work. All copolymers showed relatively
narrow molecular weight distributions. Two series of
triblock copolymers were synthesized using PEO-b-
PMMA of M,, 10,800 or 8000. The PS block length ranges

a e
d c o cHy f  cH,
Hacfochz—Ctho—cl:l—4+CHz—c‘f+mx
clH3 ¢=0
0—CHj,
g cllg
f e
@ | B
c 0 GCH, f ?eHs i
HgC~l—O—CH2—CH2'}-nO—!)|—é—l—CHz—?—]?{—CHZ— i
O—CHy
g h
cig
h
(b) L
T I T I T I T I T I T I T I T I
ppm 7 6 5 4 3 2 1 0

Fig. 5. "H NMR spectra of (a) PEO-b-PMMA and (b) PEO-h-PMMA-b-PS.
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Table 1

GPC and NMR data of PEO-b-PMMA-b-PS triblock copolymers and its precursors

Samples Macro- Yield* M, cpc” MM, My nvr® fuma fs foro?
initiator (%) (X107%) (GPC) (X10™% (NMR) (NMR) (NMR)

PEO 0.89 1.02 0.53

PEO-Br 0.98 1.02 0.55

PEO-b-PMMA-a 67.7 1.51 1.10 1.08 49 51

PEO-b-PMMA-b-PS-1 a 40.1 1.81 1.13 1.34 40 19 41

PEO-b-PMMA-b-PS-2 a 44.5 2.20 1.10 1.44 37 25 38

PEO-b-PMMA-b-PS-3 a 53.8 2.48 1.13 1.77 30 39 31

PEO-b-PMMA-b-PS-4 a 65.7 3.11 1.17 2.12 25 49 26

PEO-b-PMMA-b 49.5 1.17 1.09 0.80 31 69

PEO-b-PMMA-b-PS-5 b 28.0 1.21 1.11 0.85 29 6 65

PEO-b-PMMA-b-PS-6 b 40.2 1.59 1.12 1.21 21 34 45

PEO-b-PMMA-b-PS-7 b 54.5 2.56 1.17 1.60 16 50 34

PEO-b-PMMA-b-PS-8 b 63.2 2.97 1.19 1.86 13 57 30

* Yield was calculated according to equation: Yield(%) = W,/(W; + W,,) X 100%, where W, W; and W,,, are the weight of the block copolymer produced, the

initial weights of the related macroinitiator and monomer, respectively.

® The measured M, of the PEO-b-PMMA-b-PS$ triblock copolymer by GPC.

¢ M, estimated by NMR analysis of PEO-b-PMMA-b-PS.

d Weight fraction of PMMA, PS and PEO in the copolymer determined by "H NMR spectroscopy, respectively.

from a few hundred to more than 10,000, corresponding to
6-57 wt% in the copolymers. It must be mentioned that
M,’s measured by GPC of the copolymers are much higher
than the actual one, which is ascribed to the difference in
hydrodynamic properties of copolymer and PS, the later was
used as the standard in GPC measurements.

4. Conclusions

ABC triblock copolymers PEO-b-PMMA-b-PS with
different molecular weights were successfully synthesized
by atom transfer radical polymerization method in two
steps. FT-IR, '"H NMR and GPC measurements confirmed
the block architecture of the copolymers. Two series of
triblock copolymers with PMMA block lengths of M, 5300
or 2500 were synthesized. The PS block length ranges from
a few hundred to more than 10,000 in the triblock
copolymers, corresponding to 6-57% in weight. All of the
triblock copolymers synthesized in this work have relatively
narrow molecular weight distributions and unimodal peaks
in the GPC chromatographs.
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