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ABSTRACT: Polystyrene-b-poly(dimethylsiloxane)-b-poly-
styrene (Pst-b-PDMS-b-PSt) triblock copolymers were syn-
thesized by atom transfer radical polymerization (ATRP).
Commercially available difunctional PDMS containing vi-
nylsilyl terminal species was reacted with hydrogen bro-
mide, resulting in the PDMS macroinitiators for the ATRP of
styrene (St). The latter procedure was carried out at 130°C in
a phenyl ether solution with CuCl and 4, 4’-di (5-nonyl)-2,2'-
bipyridine (dNbpy) as the catalyzing system. By using this
technique, triblock copolymers consisting of a PDMS center
block and polystyrene terminal blocks were synthesized.

The polymerization was controllable; ATRP of St from those
macroinitiators showed linear increases in M,, with conver-
sion. The block copolymers were characterized with IR and
TH-NMR. The effects of molecular weight of macroinitiators,
macroinitiator concentration, catalyst concentration, and
temperature on the polymerization were also investigated.
Thermodynamic data and activation parameters for the
ATRP are reported. © 2004 Wiley Periodicals, Inc. ] Appl Polym
Sci 92: 3764-3770, 2004
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INTRODUCTION

Of all the inorganic polymers studied, polysiloxanes
have been the most widely exploited." Particularly,
poly(dimethylsiloxane) (PDMS) is used in materials
for its high oxygen permeability and heat transfer
properties. However, because PDMS is a fluid at room
temperature, the homopolymer lacks dimensional sta-
bility. In an effort to produce materials composed of
silicones with more desirable mechanical properties,
block, graft, and network copolymers containing
PDMS segments were examined.”* The best results
were obtained by using living anionic polymerization.
However, these methods required stringent purifica-
tion and stoichiometric conditions. Block and graft
copolymers were prepared by using free-radical poly-
merization. For example, PDMS containing internal
tetraphenylethylene moieties were used for the syn-
thesis of segmented multiblock copolymers with var-
ious vinyl monomers.”"® While the use of macroinitia-
tors for free-radical polymerization appeared to be
very promising, conventional methods introduced
problems such as functionalization of polymer end
groups, incomplete initiators efficiency, and ho-
mopolymer formation.””®

These problems are avoided by atom transfer radi-
cal polymerization (ATRP) from PDMS macroinitia-
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tors.” " ATRP was first reported by Matyjaszewski
and Wang in 1995;'* now ATRP catalyzed by copper
halides complexed with 2,2'-bipyridine (bpy) deriva-
tives [such as 4,4'-di(5-nonyl)-2,2'-bipyridine (dN-
bpy)*™**] for the polymerization of various sty-
rene,'>15-16 methacrylate,lS’17 acrylate,lg_19 dienes,
and acrylonitrile’® was developed by many research-
ers.” 2> ATRP is initiated by alkyl halides, and there-
fore, any polymer that has a sufficiently active alkyl
halide end group could initiate ATRP to afford block
copolymers. It was successfully employed in the syn-
thesis of a large range of previously unknown well-
defined block copolymers.>>~® In this article, as shown
in Figure 1, the difunctional PDMS macroinitiators
that contained alkyl bromide end groups were used to
initiate ATRP of styrene (St) under conditions that
provided control over both chain length of the organic
segment and overall composition. The effects of mo-
lecular weight of macroinitiators, macroinitiator con-
centration, catalyst concentration, and temperature on
the polymerization were also investigated.

EXPERIMENTAL
Materials

Styrene (St) was dried over CaH, and distilled under
vacuum. 4,4'-Di(5-nonyl)-2,2'-bipyridine  (dNbpy)
was obtained from Aldrich Chemical Co. and used as
received. Cuprous chloride (CuCl) was purified ac-
cording to literature.”” Difunctional vinylsilyl-termi-
nal PDMS, obtained from Sichuan Chenguang Chem-
ical Regents Co. (China), was used as received.
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Figure 1 Synthesis of PDMS macroinitiators and copoly-
mers.

Synthesis of PDMS macroinitiators

Sixty-six grams (0.01mol) of vinylsilyl-terminal PDMS
and 200 ml of anhydrous ethyl ether were put into a
500-ml three-necked flask with a magnetic stir bar. The
dry HBr gas was introduced to the mixture in an
ice-water bath. The mixture was stirred at 0°C for 1 h,
before the gas introduction was stopped; then, the
mixture was stirred overnight, warming to room tem-
perature over that period, and the mixture was fil-
tered. The solvent, anhydrous ethyl ether, was re-
moved by room-temperature distillation. Distillation
was continued until no more bubbling was observed,
at which time the pressure was reduced to 1 mmHg to
remove any volatile byproducts. The liquid was dried
at 55°C under vacuum overnight. Yield = 56 g (84.8%).
The molecular weight and molecular weight distribu-
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Figure 3 GPC traces for the progress of ATRP of St with
PDMS macroinitiator in phenyl ether. From right to left, the
GPC peaks are (A) M,, = 64400, M,,/M,, = 1.37; (B) M,, =
9560, M,,/M,, = 1.36; (C) M,, = 12700, M,,/M,, = 1.34; (D) M,,
= 16800, M,,/M,, = 1.34; (E) M,, = 18200, M,,/M,, = 1.33.

tion of the PDMS macroinitiators were obtained by
GPC (M,, = 6400, M,,/M,, = 1.37).

Synthesis of PSt-b-PDMS-b-PSt triblock copolymers

The polymerization was carried out in a previously
dried flask equipped with a magnetic stirrer bar under
argon. The PDMS macroinitiator (1.09 g) (M,, = 6400,
M,,/M,, = 1.37), CuCl (0.0216 g), dNbpy (0.178 g), and
phenyl ether (1.25 g) were put into the flask. Then the
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Figure 2 First-order kinetic plot for the ATRP of St in phenyl ether.
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Figure 4 M, and M,,/M,, dependence on conversion for the ATRP of St.

flask was degassed three times by repeated freeze/
vacuum/thaw cycles under 10 mmHg. Previously
dried St (2.5 ml) was purged into the flask. The mix-
ture was stirred at room temperature under argon for
15 min, and the flask was placed into a 130°C oil bath
under argon. After the heating was stopped, the reac-
tion mixture was purified by filtration through a short
Al,O; column followed by precipitation into methanol
from THEF. The filtered product was dried overnight at
60°C under vacuum.

Characterization

The conversion of the polymerization was determined
gravimetrically. The molecular weight and molecular
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Figure 5 IR spectrum. (A) Vinylsilyl-terminal PDMS. (B)
PDMS macroinitiators. (C) copolymer.

weight distribution were obtained by (gel permeation
chromatography (GPC) and many angle laser light
scatter (MALLS) made by Wyatt Technology Corp.;
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Figure 6 'H NMR spectrum, (A) PDMS macroinitiator. (B)
copolymer.
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TABLE 1
The Molecular Characteristics of PSt-b-PDMS-b-PSt Triblock Copolymers

Copolymer
(COP) Mn,initiators Conversion (0/0) Mn,theory Mn,GPC Mw/Mn,GPC
COP-1 1800 74.1 17,200 16,400 1.29
COP-2 1800 76.2 17,600 16,800 1.31
COP-3 6400 65.3 19,900 18,200 1.33
COP-4 6400 68.1 20,500 18,900 1.33
COP-5 6400 66.2 20,100 21,700 1.34
COP-6 10,000 59.3 22,200 19,700 1.39
COP-7 10,000 61.1 22,700 19,200 1.42

the GPC-MALLS system involves a Styagel® HWN 6E
GPC column, a Wyatt OPTILAB RI detector, and a
Wyatt MALLS detector (DAWN E). All samples were
run in THF at 25°C with a flow rate of 0.8 ml/min. The
data were manipulated with Wyatt Technology (Astra
473) software, and the M, y,cory Was calculated accord-
ing to

[M]s:

Mn,theory = Mn,Macroinitiator + [M]M
acroinitiator

X M, s X Conversion

The 'H-NMR spectrum was recorded on a Varian
Mercury 300 Spectrometer at room temperature in
CDCl;. The IR spectrum was recorded on a Daojin
Japan IR-440 spectroscope at room temperature (KBr
disc). Differential scanning calorimeter (DSC) mea-
surement was carried out under a nitrogen flow with
a Perkin-Elmer DSC7 (heating rate = 20°C/min).

RESULTS AND DISCUSSION

Polymerization of St initiated by PDMS
macroinitiator

The first-order kinetic plot of the polymerization of St
is shown in Figure 2. In ATRP, the first-order plot is
usually linear because of a constant concentration of
radicals. Within the bounds of experimental error, the
first-order correlations were essentially linear, as re-
quired for a living polymerization.

GPC traces for the progress of ATRP reaction of St
with PDMS macroinitiators are shown in Figure 3. The
polymer peak continuously shifted to higher molecu-
lar weights with monomer conversion; the molecular
weight of the macroinitiator was M,, = 6400, M,,/M,,
= 1.37. After polymerization, the measured values of
copolymer had increased to M,, = 18,200, M,,/M,, =
1.33.

The plot of number-average molecular weight, M,,
and polydispersity, M,,/M,, and dependence on con-
version in this polymerization are shown in Figure 4.
A nearly linear increase of M, versus monomer con-
version was observed: the polydispersity decreased

with the progress of the polymerization. Figures 1-3,
demonstrated that the reaction was controllable.

The IR spectram of the vinylsilyl-terminal PDMS,
the PDMS macroinitiators, and the final copolymer are
shown in Figure 5. Figure 5(A) is the IR spectrum of
vinylsilyl-terminal PDMS: observed are a strong Si—
O—Si characteristic spectrum in 1100-1000 cm ™~ '; CH,
characteristic spectrum in 1261 cm™!; C—Si—C char-
acteristic spectrum in 800 cm ™ *; and C=C characteris-
tic spectrum in 1596 cm™'. The IR spectrum of the
PDMS macroinitiators is shown in Figure 5(B): the
strong the strong characteristic spectrum of Si—O—Si,
CH,, and C—Si—C a still exist but the C=C character-
istic spectrum in 1596 cm ™' disappears, indicating that
there exists additional reaction between vinylsilyl-ter-
minal PDMS and hydrogen bromide, and the alkyl
bromide-terminal PDMS was obtained. Figure 5(C)
reveals that the copolymer consists of polystyrene and
PDMS. The characteristic spectra of PDMS, Si—O—Si
in 1100-1000 cm ™!, CH, in 1261 cm ™!, C—Si—C in
800 cm ™, still exist. The characteristic spectrum of
polystyrene appeared at 698 cm, 758, 2925, 3000, 3026,
3059, and 3081 cm ™.
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Figure 7 First-order kinetic plot for the ATRP of St with
PDMS macroinitiator in phenyl ether.
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TABLE II
ATRP of St at Various Concentrations of PDMS Macroinitiator

[, Time Conversion kPP X 10°
NO' (m01 Lil) (h) (0/0) Mn,theory Mn,GPC Mw/Mn,GPC (Sil)
1 0.0075 20 51.2 27,500 16,700 1.39 1.20
2 0.015 11 65.3 19,900 18,200 1.33 2.35
3 0.030 7 79.2 14,600 13,800 1.33 5.24

The 'H—NMR spectrum of PDMS macroinitiator
and the final product are shown in Figure 6. In Figure
6(A), the observed peaks at 0.2-0.8 ppm are assigned
to the protons of methyl groups of —Si(CHj;),0, and
the signals at 3.2 ppm for the methylene group(—
CH,—CH,—) next to the bromide. In Figure 6(A),
besides the protons of methyl groups of —Si(CHj),O
(0.2-0.8 ppm), the methylene group next to the bro-
mide (3.2 ppm), the signals at 6.56, 7.05 ppm are
attributed to the phenyl protons, and the signals at
12-2 ppm correspond to the protons of vinyl

(—CH,—CH—) in the main chain. This revealed that
the polymer consisted of polystyrene and PDMS. It
was calculated from the area ratio between the 6H
signal from PSi and the 5H signal from benzene that
the ratio of sequence lengths of PSt and PDMS was X
= (A */5)/ (A*/6) = 1.76 (A * and A * were the area
of protons of methyl groups of —Si(CHj;),O and phe-
nyl protons, respectively), which is close to that cal-
culated from the GPC spectrum (1.84).

Effect of the molecular weight of macroinitiators
on the polymerization

Table I shows the molecular weight and the polydis-
persities of copolymers with increasing molecular
weight of macroinitiators. As can be seen, the poly-
merization was controllable; the molecular weights of
copolymers approximately corresponded with those
predicted by theory, but when the molecular weight of
macroinitiators increased, the conversion decreased,
and the departure of the molecular weight of copoly-
mers from the theoretical value increased: the polydis-
persities were broader. Figure 7 shows a plot of
In[M],/[M]; versus time for the ATRP systems. When
the molecular weight of macroinitiators increased
from 1800, 6400 to 10,000, the rate of polymerization
(kp°PP) decreased from 4.18 X 10°S™*,2.35 X 10°S™" to
171 x 10°S™%

Effect of macroinitiator concentration on the
polymerization

The polymerization of St with various PDMS macro-
initiator concentration was investigated. Table II
shows that a further increase in the amount of PDMS
macroinitiator can increase the reaction rate. Shown in

Figure 8 is a plot of In kp®PP versus In[I], for the ATRP
systems with different amounts of macroinitiators: the
rate of polymerization is 1.06 order with respect to the
concentration of the PDMS macroinitiators.

Effect of catalyst concentration on the
polymerization

The polymerization with various catalyst concentra-
tions was studied and is shown in Table IIl. When
[CuCl/2dNbpy], = 0.015mol L', the copolymer sam-
ple with M,, = 16,500 and M,,/M,, = 1.28 (Table II, NO
1) is obtained, whereas a product with a relatively
high molecular weight and broad molecular distribu-
tion (M,, = 28900, M,,/M,, = 1.38) is obtained if the
[CuCl/2dNbpy], concentration increases to 0.236 mol
(L™". The rate of polymerization increases with in-
creasing catalyst concentration. A plot of In kp®PP ver-
sus In[CuCl/2dNbpy], for the ATRP systems shows
that the rate of polymerization is 0.86 order with re-
spect to the concentration of the catalyst (Fig. 9).

Effect of temperature on the polymerization

The effect of temperature on the polymerization was
studied over a range of 90-130°C. First-order kinetic
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Figure 8 Dependence of kp°FP on the concentration of
PDMS macroinitiators.
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TABLE III
ATRP Polymerization of St with Different Amounts of Catalyst
[CuCl/2dNbpy], Conversion kpPP
(mOI/L) (0/0) Mn,thenry Mn,GPC Mw/Mn,GPC X 105 (Sil)
0.015 55.2 17,881 16,500 1.28 0.576
0.030 56.3 18,110 17,300 1.29 1.068
0.059 65.7 20,065 18,200 1.33 2.354
0.118 74.8 21,958 24,500 1.34 4116
0.236 77.5 22,520 28,900 1.38 5.734

plots are shown in Figure 10. The linearity between In ~ kp®FP increased with temperature. The Arrhenius plot,
[M],/[M] and time in all cases indicates that the con- obtained from the experimental data given in Figure
centration of growing species remained constant, and 10, is given in Figure 11. The apparent activation en-
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Figure 9 Dependence of kp®PP on the concentration of [CuCl/2dNbpy],
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Figure 10 Kinetic plots of the ATRP of St with PDMS macroinitiator at different temperature.
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Figure 11 Effect of temperature on £ for the ATRP of St with PDMS macroinitiator in phenyl ether.

ergy was calculated to be 11.96 kcal/mol. According
to

AH

prop

AHY, = AH (1)

app

where AH{, is the enthalpy of the equilibrium, AH,,,
is the apparent enthalpy of activation, and AH,,, is
the activation enthalpy of propagation (AH,
= 7.1kcal/mol). Then, AHY, = 4.85 kcal/mol was cal-
culated for the ATRP of St initiated by PDMS macro-
initiators, which was similar to the value of Matyjas-

zewski’s. 3

CONCLUSIONS

The ABA block copolymers, PSt-b-PDMS-b-PSt, were
successfully synthesized with ATRP initiated from ap-
propriately functionalized chain ends of PDMS macro-
initiator. The rate of polymerization decreases with in-
creasing molecular weight of PDMS macroinitiators and
increases with increasing catalyst or PDMS macroinitia-
tor concentration: the rate of polymerization is 1.06 order
with respect to the macroinitiator concentration, and 0.86
order with respect to [Cu Cl/2dNbpy],. The apparent
activation energy (AH,,) for the ATRP of St was 11.96
kcal/mol, and the enthalpy of the equilibrium was esti-
mated to be Ang = 4.85 kcal/mol.
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