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ABSTRACT: Five polystyrene—poly(dimethylsiloxane) di- and triblock copolymers were prepared by two
different methods, a classical anionic polymerization and a cationic polymerization of styrene in the

presence of a new macromolecular initiator.

Spherical, cylindrical, and lamellar phase-separated

morphologies were identified. Their sizes were measured by transmission electron microscopy (TEM) on
films obtained from bulk and solvent-cast samples. DSC and TEM show that the phase-separated
morphologies are strongly segregated with no long range ordering. The specific microphase surface area,
obtained by TEM, is strongly correlated with the broadening of the polystyrene glass transition.

Introduction

Flexible noncrystalline di- (AB) and triblock (ABA)
copolymers are well-known to form various distinct
periodic phase-separated morphologies or microphases
(usually spheres, cylinders, and lamellae) as either the
temperature is lowered or the molecular weight is
increased.! Whatever the degree of segregation, the
different types of ordered states depend mainly on the
composition, the statistical segment length asymmetry,
the overall degree of polymerization N, and the quench
parameter (yN), y being the Flory interaction
parameter.2~4 From a mean-field theory, Leibler pre-
dicted that the order-to-disorder transition (ODT) in
diblock copolymer melts is weakly first order, except for
symmetric diblocks.? Fredrickson and Helfand showed
in a subsequent paper® that the ODT for perfectly
symmetric diblocks is also weakly first order, due to the
occurrence of large-amplitude concentration fluctuations
not considered in the mean-field approach of Leibler.
More recently, the density functional approach of Muth-
ukumar predicts ranges in compositions for a direct
transition between the disordered state and any of the
ordered states. This seems to be consistent with
experimental results.5®

Over the last few years, polystyrene/poly(dimethyl-
siloxane) (PS/PDMS) block copolymers have been stud-
ied for their potential technological importance, as
thermoplastic elastomers and as materials resistive to
oxygen reactive ion etching and for their unusual
physical properties. Di-, tri-, and multiblock siloxane-
containing copolymers have been prepared by different
synthetic approaches, like (1) living anionic polymeri-
zation of nonpolar vinyl and diene compounds with
cyclic siloxanes,” 19 (2) polyaddition of a,w-dihydro-
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terminated polysiloxane to a,w-divinyl-terminated poly-
mers,1112 and (3) incorporation of easily cleavable
linkages in polysiloxane chains in order to convert them
into potential macroinitiators and their further use in
radical polymerization of vinyl monomers.’3-16 Their
unusual behavior as compared to the corresponding
styrene/diene block copolymers has already been no-
ticed. (a) For microphase-separated samples, no de-
pression of the PS glass transition temperature has been
noticed, compared with that of the corresponding ho-
mopolystyrene, since the PS blocks have a sufficiently
high molecular weight (=10 000).1” (b) Although stan-
dard spherical, cylindrical, and lamellar morphologies
have been identified mainly by small angle X-ray
scattering (SAXS), a significant lack of coherent order
in the microstructures has been systematically no-
ticed.68918 (c) Moreover, due to the pronounced incom-
patibility between these two chemical species, no one
has succeeded in reaching experimentally the order-to-
disorder transition without going first through the
thermal decomposition. This renders the thermody-
namical equilibrium morphology difficult to attain.
Neither has it been possible to estimate with precision
the Flory interaction parameter, using small angle
X-ray (SAXS) or neutron scattering (SANS), and no
experimental phase diagram has been built. (d) In
addition, the strongly segregated part of the phase
diagram seems to be skewed in the direction of the low
styrene content.® This cannot be explained taking into
account the current statistical segment length asym-
metry corrections. Because of experimental difficulties,
there has been no systematic report on the direct
observation by transmission electron microscopy (TEM)
of the poly(S-b-DMS) phase-separated morphologies.
Furthermore, the few DSC investigations of these block
copolymers®17 have not been able to clearly relate the
thermal peculiarities, like the broadening of the Ty, to
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the phase-separated morphologies.

The objectives of this paper are first to prepare poly-
(S-b-DMS) and poly(S-b-DMS-b-S) by a new polymeri-
zation method, and then to study and compare their
morphological and thermal properties.

Experimental Section

Materials and Molecular Characterization. Cyclosi-
loxane monomers were dried over calcium hydride and distilled
in an argon atmosphere. The coupling agents, chlorotrimeth-
ylsilane and dichlorodimethylsilane, were distilled under
argon. Styrene was treated with 10% sodium hydroxide
solution, washed with water, dried over calcium hydride, and
distilled under vacuum just before use. The 1,4,7,10,15-
pentaoxacyclopentadecane (15-C-5) was dried by azeotropic
distillation of water in the presence of benzene and by heating
at 30° C in a high vacuum, for 24 h. All solvents (benzene,
tetrahydrofuran, chloroform) were purified according to stan-
dard methods.

IH-NMR spectroscopy was performed on a Bruker 250 MHz
spectrometer. Average molecular weights were measured by
GPC (Waters Associated 440 apparatus, equipped with a R
401 differential refractometer and with u-Styragel columns,
calibration being made with polystyrene standards). Toluene
was used as solvent.

Synthesis. (Chloromethyl)phenethyl-terminated poly(di-
methylsiloxane) (CI-PDMS-CI) (M,(GPC) = 1610; M/Mn(GPC)
= 1.67; chlorine content = 4.15% by weight; substitution
degree = 96%) was prepared through a two-step procedure
described previously.'® Firstly, the hydrosilation of styrene
with hydride-terminated poly(dimethylsiloxane) (concentra-
tion, 50% by weight in toluene) was performed in the presence
of a H,PtCle catalyst, at 100 °C. In a second step, the aromatic
rings (Ph) attached to the siloxane chain in final positions were
chloromethylated in mild conditions (0—20 °C; 8 h) with the
paraformaldehyde/trimethylchlorosilane/SnCl, system (CH,O/
(CHj3)sSiCl/SnCl, = 1/1/0.14 molar ratio) in chloroform ([CH;0]
= 8 mol/L; CH,O/Ph = 8 molar ratio).

Cationic polymerization of styrene (S) in the presence of the
CI-PDMS-CI/SnCl, macromolecular initiator was performed in
chloroform at 20 °C, under argon. The solvent, the siloxane
precursor ([PhCH.CI] = 0.04 mol/L), and SnCl, (SnCls/PhCH,-
Cl = 4 molar ratio) were introduced into the reaction flask
under argon and stirred for 15 min. Then the monomer ([S]o
= 0.40 mol/L) was added with a dry syringe. The reacting
mixture turned red, and it was subsequently stirred vigorously
for a period of 8 h. The polymerization was stopped by adding
a large volume of a mixture of methanol/10% NaHCO; aqueous
solution (9/1 v/v). The poly(S-b-DMS-b-S) triblock copolymer
was recovered by filtration. The unreacted polysiloxane was
extracted with petroleum ether and the polystyrene homopoly-
mer was removed by its precipitation in a cyclohexane/n-
heptane mixture. The purified triblock T90 (see Table 1) was
obtained in a 91.3% vyield.

Sequential anionic polymerization of styrene and hexa-
methylcyclotrisiloxane was carried out under argon in a
reaction vessel equipped with a magnetic stirrer, a reflux
condenser, and a three-way stopcock. The calculated amounts
of benzene, tetrahydrofuran (THF) (benzene/THF = 20/1 v/v),
and styrene ([S]o = 15% by weight) were introduced by the
syringe technique into the reaction vessel. The mixture was
frozen and degassed several times under a high vacuum. The
BuLi initiator was added at 0 °C and a red living polystyrene
was observed. The polymerization of styrene was carried out
at this temperature for 1 h. A small aliquot of the reaction
mixture was then extracted by syringe and precipitated into
methanol to determine the molecular weight of the polystyrene
sequence. A solution of complexing agent (15-C-5) in THF
(concentration 10% by weight; BuLi/15-C-5 = 1/1 molar ratio)
was then added to increase the reactivity of the anionic
macromolecular species. Hexamethylcyclotrisiloxane mono-
mer was then slowly introduced as a solution in THF (30% by
weight) into the reaction vessel, and the temperature was
increased to 50 °C. The red color disappeared by the trans-
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formation of the polystyryl active species into a siloxanolate
growing chains. After 4 h of stirring at this temperature, the
reaction was stopped with trimethylchlorosilane or with di-
methyldichlorosilane (BuLi/SiCl = 1/1.2 molar ratio) to prepare
poly(S-b-DMS) diblock or poly(S-b-DMS-b-S) triblock copoly-
mers, respectively. After a purification procedure similar to
that used for the cationically obtained copolymer, the diblock
samples D51 and D63 and the triblock samples T50 and T82
(see Table 1) were obtained in 90—93% yields.

Differential Scanning Calorimetry. Differential scan-
ning calorimetry (DSC) measurements were carried out using
a Perkin-Elmer DSC7 calibrated with indium. Low-temper-
ature scans were performed by Dr. M. F. Achard in Bordeaux.
Before each experiment, the base line was carefully determined
in order to correct the data. Samples were quenched from
room temperature at the maximum cooling rate (—320 °C-min~?)
down to —150 °C and then scanned at 10 °C-min~! from —135
up to +150 °C. Four subsequent scans were performed at 10
°C-min~! for each sample. There was no waiting time between
each run and the cooling rate was —10 °C-min~1. The glass
transition temperatures Ty, the change in specific heat Ac,
and the width of the glass transition region ATy were deter-
mined by a standard method extrapolating the linear portion
of DSC traces.” In the following, Tqproms, Tgps, ACpps, Tgmix,
and Acpmix are the glass transition temperatures of PDMS
microphases, the glass transition temperatures and the change
in specific heat of PS microphases and of disordered (isotropic)
sample, respectively. The values of Ac,ps, evaluated for PS
microphases, are quoted per gram of PS blocks for comparison
with homopolystyrene. Tcc and Ty correspond to the tem-
perature of cold crystallization and melting processes in the
PDMS microphases, respectively. The measured DSC data
(see Table 2) are averaged on the three last subsequent scans,
except for Tcc and Tgpowms.

Transmission Electron Microscopy. Samples for trans-
mission electron microscopy (TEM) were prepared either by
solvent casting on a Teflon surface using neutral solvents such
as toluene and chloroform®98 or by direct means with the
copolymer powder on the carbon-coated copper grid. This has
been done in order to avoid the difficulties that were experi-
enced with microtomes. Thin films (<50 nm) were annealed
around 5 days at 110 °C under vacuum and quenched at room
temperature from 100 °C. Due to the PS glass transition (see
below), we think the observed morphologies are near those
encountered at 100 °C. The high electron density of PDMS
microphases as compared to PS gave sufficient contrast
without the need of staining. Samples were examined using
a Philips CM12 transmission electron microscope operating
at 120 kV, the copolymers being relatively stable under such
an accelerating voltage. On the TEM bright-field pictures,
PDMS microdomains appear black.

Results

Synthesis. The styrene/siloxane molar ratios, mo-
lecular weights, styrene weight fraction, apparent block
copolymer polydispersity, and decomposition tempera-
ture are listed in Table 1. Samples are simply desig-
nated by “D” or “T” for di- or triblock followed by the
molar percentage of styrene. The styrene/siloxane
molar ratios in block copolymers were calculated from
specific proton integrals (6 = 0.1 ppm, 6 p, CH3—(Si); 6
= 1.3—-2.0 ppm, 3 p, —CH,—CH(Ph); 6 = 6.5—7.2 ppm,
5 p, Ph) by 'H-NMR spectroscopy. Block copolymer
molecular weights M, are calculated from styrene/
siloxane molar ratios (see Table 1 captions). The weight
average molecular weight, M,,, was determined using
the GPC-determined apparent block copolymer polydis-
persity.

DSC. DSC results presented in Figures 1 and 2 and
Table 2 provide a qualitative indication of the block
copolymer phase states. On the second, third, and
fourth scans, samples T50, D51, D63, and T82 exhibit
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Table 1. Molecular Characterization of the PS/IPDMS
Block Copolymer Samples

styrene/-
siloxane M, of
samples molar ratio® S blocks M,

styrene dec
weight temp®
Mw/Mp2 fraction (°C)

D51 1.05 8100° 13600 1.20 0.60 265
D63 1.68 8200° 11700° 1.15 0.70 250
T50 1.00 8 100° 27 800° 1.09 0.58 280
T82 4.49 6900 16000° 1.10 0.86 260
T90 8.78 82009 17700 1.46 0.93 255

a Determined by 'H NMR. P Determined by GPC. ¢ Calculated
according to

M. =

n

M, of S block)(l + 1 74'13)

a(styrene/siloxane molar ratio) 104.15

with a = 1 for the diblocks and a = 1/, for the triblocks.
d Calculated according to

M, = (M,, of PDMS block) x

(1 + 0.5(styrene/siloxane molar ratio)104'15)

74.13

. ¢ Beginning of thermal decomposition (determined by thermo-
gravimetry analysis).

T82 3rd run

T50 3rd run

Heat Flow (W /g)

T50 1st run

4 — ' ' '
—t—tttt
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Figure 1. Low-temperature DSC heating trace of the phase-
separated PS/PDMS block copolymers. Curves are vertically
shifted for presentation. The bottom curve is from the first
run conducted on the T50 sample. The four other curves are
from the third run conducted on T50, D51, D63, and T82. T90
(not shown) does not exhibit any event at low temperature.

two principal features, the PDMS phase melting endo-
therm near —38 °C and the PS phase glass transition
near 90 °C. In addition, on the first run these four
samples exhibit both a PDMS cold crystallization exo-
therm near —90 °C and the PDMS phase glass transi-
tion Typpms at —123 °C, due to the quench procedure.
These two features are absent on subsequent runs.

As Krause et al. and Chu et al.®17 had already noticed
for similar samples, the areas of the melting endotherms
are larger than the corresponding exotherm, which
means that the glass transition measured for the PDMS
phase corresponds to a partially crystalline material.
The remaining triblock, T90, is characterized on the four
runs by a single glass transition, at an intermediate
temperature of 69 °C. Thus the T50, D51, D63, and T82
block copolymers are microphase-separated up to at
least their Typs.

On the contrary, T90 seems to be disordered up to 69
°C. The approximate rule of Gordon and Taylor? can
be used to estimate the Tgmix Of the “disordered” triblock
T90 (thermally equivalent to a random copolymer
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Figure 2. High-temperature heating trace of the five PS/
PDMS block copolymers. Curves are vertically shifted for
presentation. The curves are from the third run conducted on
each of the samples. T90 exhibits a T, event at a lower
temperature because it is the glass transition of a disordered
PS/PDMS phase.

having the same weight composition)

. WpsTgps T KWppmsTgpoms
g,mix —

(1)

Wps + KWppys

where wps and wppms are the weight fractions of the
two species and K is a constant close to unity. For a
given pair, K can be calculated from the thermal
expansivities of the corresponding homopolymers
O.rPDMS _ (XgPDMS

K= )

a PS _ 0thS

r

where the subscripts g and r refer to the glassy and the
rubbery states, respectively. With the corresponding
homopolymer values, Tgqpoms = —123 °C?! and o,PPMS
— 0g"PMS &~ 5.7 x 1074 K1 22 for PDMS and Tgps = 93
°C (see Table 3) and o,”S — 0gPS ~ 3.7 x 1074 K1 21 for
PS, a Tgmix of 68 °C is obtained, which is in good
agreement with the measured value. Figure 2 gives a
comparison of the four Tgyps values of T50 D51, D63,
and T82 with the Tgmix of T90. Table 3 gives the
thermal properties of the PS microphases as compared
to those of a similar molecular weight homopolystyrene.
The predicted homopolymer glass transition tempera-
tures are obtained by fitting with Krause datal’ the
Flory—Fox equation,?® giving T¢(Mp) = 378 + 9.63 x
1074/M, for a heating rate of 10 °C-min~1. All mea-
sured Tgps values for the phase-separated samples are
close to the corresponding homopolymer-predicted glass
transition temperature T4 ps"™°, except for that of T82,
which is 6 °C lower. Table 3 also gives the 1 — (Acpps/
Acp psh®™), ratio which provides a weight fraction esti-
mate of the amount of PS chain segments that do not
take part in the PS microphase glass transition.?* To
estimate this ratio, the specific heat change at the glass
transition of homopolystyrene Acpps™™ has been taken
as 0.288 J-K~1-g~1, which is a typical averaged value
extracted from the literature.l” For our microphase-
separated samples this ratio is less than 3%. There is
no significant phase mixing, as expected for strongly
segregated block copolymers with sharp microphase
boundaries (see Discussion). As already mentioned,2>26
the most striking difference between the copolymer
glass transitions and those of the corresponding ho-
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Table 2. Thermal properties of the Five PS/PDMS Di- and Triblock Copolymers

Tg,F‘SE1 ACp,PSb ATg,PSC Tg,mixd ACp,mixe ATg,mixf ng TC.Ch Tg,PDMSi
samples (°0) (J-gps -K™) (°C) (°C) (J-g7-K™) 4o o) Q) o)
D51 91 0.286 11 —38 —90 —123
D63 93 0.296 14 —38 —93 —123
T50 92 0.284 10 —37 —90 —123
T82 85 0.279 16 —40 —123
T90 69 0.687 11

a PS glass transition temperature. P PS specific heat change. ¢ PS glass transition width. ¢ PS/PDMS disordered phase glass transition
temperature. ¢ PS/PDMS disordered phase specific heat change. fPS/PDMS disordered phase glass transition width. 9 PDMS melting
temperature. " PDMS cold crystallization temperature. | PDMS glass transition temperature.

Table 3. Homopolymer/Block Copolymer Thermal Behavior Comparison

samples Tgpshomea(°C) Tg,ps™m _ Tgps (°C) ATgps/Tgps 1 — (ACp,ps/AC; pshO™) (%)
D51 93 2 0.030 0.7
D63 93 0 0.038 very small
T50 93 1 0.027 14
T82 91 6 0.045 3.0
T90 93
a Homopolystyrene glass transition temperature as calculated from the Flory—Fox equation.
Table 4. Morphological Characterization of the PS/PDMS Block Copolymers
Pps® microstructure microdomains 107*S xN
samples Np,ps? NpP f = Nnps/Nn (100 °C) (at 110 °C) size (nm) (m2-kg—1) (at 100 °C)
D51 78 152 0.51 0.56 lamellae 31+ 3¢ 6.5 43
D63 79 126 0.63 0.67 PDMS cylinders 30+ 3d 13.0 36
T50 156 312 0.50 0.55 lamellae 42 +5° 4.6 44f
T82 133 163 0.82 0.85 PDMS spheres 11 4 3d 53.1 23f
T90 158 176 0.90 0.92 disordered

a PS block number average degree of polymerization. ® Overall degree of polymerization. ¢ PS volume fraction. 4 Apparent microdomain
diameter. ¢ Apparent lamellar periodicity. f For triblock N, has been taken as Nnps/2 + Nnppms/2 for comparison with diblock.

mopolymers lies in the ATy/Tq ratio, which represents
the relative width of the glass transition region. Inour
case, the copolymer ratios associated with PS mi-
crophases are almost twice that of the corresponding
homopolymer one, which is near 0.0016.%7

Electron Microscopy. We were able to obtain good
electron microscopy images from the five block copoly-
mers quenched from 100 °C. The types of microstruc-
ture and their mean dimensions were obtained. The
results are reported in Table 4. The degrees of polym-
erization, N , were estimated from number average
molecular weight data. The PS volume fractions, ¢ps,
were estimated using the monomer specific volume Fox
empirical equations for PS and PDMS homopolymer?’

Vps = 0.767 + 5.5 x 107*T + 643 x 10"%(T/M,)
(cm>g™) (3)

Vepms = 0.672 + 12 x 107*T + 1550 x 10 4(T/M,)
(cm®g™") (4)

at 100 °C. We have neglected in this estimate the
presence of any interfacial volume or interphase. Be-
cause our microphase-separated block copolymers are
strongly segregated, it is impossible to prepare samples
by quenching from the disordered state, making it
difficult to be certain that the morphologies obtained
directly from the powders are equilibrium ones. Thus,
considering the previous conclusion of Bajaj and Varsh-
ney,® Chu et al.,® and Chen et al.,’® who established that
toluene and chloroform are neutral solvents for the PS/
PDMS system, TEM examinations were all conducted
on films cast from toluene and chloroform in order to
approach the equilibrium morphology as closely as
possible. The D51 and T50 samples cast from toluene

200 nm

—

Figure 3. TEM image of D51 sample cast from toluene on
Teflon. The PDMS lamellae appear black. The apparent
periodicity is 31 £+ 3 nm. T50 (not shown) has exactly the same
morphology with a periodicity of 42 +£ 5 nm.

show poorly oriented lamellae microstructures, as evi-
denced in Figure 3 for D51. The apparent periodicities
were estimated at 31 + 3 nm for D51 and 42 + 5 nm
for T50. The bulk samples examined directly from the
powder show a qualitative agreement, but due to a poor
contrast it was difficult to perform any periodicity
measurement. D63, shown in Figure 4, exhibits a
rodlike structure of PDMS in a PS matrix, which does
not seem to be hexagonally packed as for standard
styrene/diene block copolymers.t=> The apparent cyl-
inder diameter is 30 &+ 3 nm. The bulk sample shows
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200 nm

Figure 4. TEM image of sample D63 cast from toluene on
Teflon. A PDMS rodlike structure in a PS matrix appears
black. The cylinders’ apparent diameters are 30 + 3 nm.

Figure 5. TEM image of sample T82 cast from toluene on
Teflon. PDMS spheres in a PS matrix appears black. The
spheres’ apparent diameters are 11 + 3 nm.

the same morphology. Optical observations (from de-
polarized optical microscopy and small angle light
scattering experiments) confirm the lamellae and cy-
lindrical microstructures of T50, D51, and D63, respec-
tively.2® T82, in Figure 5, clearly exhibits a spherical
microstructure of PDMS spheres randomly distributed
in a PS matrix. The apparent sphere diameter was
estimated to be 11 + 3 nm. Again the same qualitative
agreement is obtained with the bulk morphology. Fi-
nally, T90 appears disordered (not shown). Exactly the
same morphologies were identified for each of the five
samples cast from chloroform.

For all microphase-separated samples, the specific
surface (see Discussion)

__[microdomain surface

2,1
microdomain volume/ "S (m>kg ") (5

has been estimated using TEM microdomain size esti-
mation (see Table 4).
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Discussion

Synthesis. Five well-defined poly(S-b-DMS) and
poly(S-b-DMS-b-S) di- and triblock copolymers were
synthesised by two different approaches: a new cationic
polymerization of styrene in the presence of the orga-
nochlorofunctional poly(dimethylsiloxane)/SnCl, system
and a modification of a classical anionic polymerization
of styrene initiated by butyllithium, followed by subse-
guent polymerization of hexamethylcyclotetrasiloxane
in the presence of polystyryllithium/15-C-15 active
species.

The cationic polymerization of styrene in the presence
of the siloxane macromolecular bifunctional cationic
initiator (see structure below) proved to be a useful new
method in the preparation of poly(S-b-DMS-b-S) triblock

CH, CH,

CI-CH, -C,H,~C,H, - Si —(0— Si), -C,H,-C,H, -CH, - Cl

| I

CH, CH,
LT sncy,
CH, CH,

[SnCl,] “[CH, -C,H, -C,H, - Si -(O- Si ), -C,H, —C,H, - CH,] "~ [SnCl,]

CH, CH,

copolymers having PDMS as the central sequence.
Chloromethyl-terminated poly(dimethylsiloxane) (ClI-
PDMS-CI) was prepared through a procedure previously
described!® by the chloromethylation of end-phenethyl
groups attached to the siloxane chain, in mild conditions
with the paraformaldehyde/trimethylchlorosilane/SnCl,
mixture. The polymerization of styrene was initiated
by the CI-PDMS-CI/SnCl, system. To check for any
possible interactions between the cationic active species
and the polysiloxane chain,?® a solution of benzyl
chloride (BC), SnCls (BC/SnCls = 4.0 molar ratio), and
octamethylcyclotetrasiloxane in CH,CI, ([BC]o = 0.04
mol/L and [octamethylcyclotetrasiloxane]o = 0.40 mol/
L) was stirred at 20 °C for 24 h. No evidence of the
polymerization of octamethylcyclotetrasiloxane in a
carefully dried system was observed by gas chromatog-
raphy and GPC: only octamethylcyclotetrasiloxane
cycles were detected in the product obtained after
guenching of the active species with a mixture of
methanol/10% NaHCO3; aqueous solution, washing the
organic phase with water, drying, and evaporating the
solvent. As the siloxane bonds in octamethylcyclotet-
rasiloxane and in a linear siloxane behave similarly to
electrophilic attack,® the pertinent conclusion is that
the siloxane chain remained untouched during the
cationic process. In these conditions, the molecular
weight of the siloxane sequence is imposed by the
reaction parameters of the preparation of the CI-PDMS-
Cl prepolymer, while the molecular characteristics of
the polystyrene component and of the block copolymer
are determined by the step of cationic polymerization
of the vinyl monomer (active species and styrene
concentrations, solvent nature, temperature, reaction
time). The structure and the molecular characteristics
of the CI-PDMS-CI bifunctional prepolymer were estab-
lished by 'H-NMR, chemical analysis (chlorine content),
and gel permeation chromatography. Starting from a
CI-PDMS-CI bifunctional prepolymer, a triblock copoly-
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mer (sample T90) was obtained in good yield. Even
though the functionality of chlorofunctional siloxane
precursor was slowly lower than 2, the possible resulting
diblock copolymer was not observed by GPC analysis
of the final product (the GPC curve is monomodal and
symmetrical, and the polydispersity index is quite low).

Physical Properties. The physical properties of the
five di- and triblock copolymers that have been exam-
ined fall in two general categories. T90 exhibit random
copolymer-like thermal behavior from —135 °C up to
+150 °C, which indicates that the order-to-disorder
transition temperature may be below Ty mix (as discussed
below). Such a specific behavior has already been seen
by Sthun3! for a PS/IPMMA diblock copolymer. T50,
D51, D63, and T82 exhibit microphase-separated block
copolymer-like behavior from —135 °C up to +150 °C,
which indicates that the order-to-disorder temperature
is at least above T ps.

In weakly (for yN < 12.5) and intermediate segregated
regimes (for 12.5 < yN =< 50—100),%32 due to moderate
block incompatibility, block copolymer microstructures
are supposed to have an extended interface. These are
defined by a nonsaturated ordered-state composition
profile, which does not disappear up to the strongly
segregated regime (as yN values approach roughly 50—
100). Considering the small amount of PS block seg-
ments (~1%) that do not participate in the glass
transition process (see Table 2), T50, D51, and D63 block
copolymers are expected to be very strongly segregated
with well-defined interfaces and nearly pure micro-
domains up to 150 °C. In fact, rheological measure-
ments of storage and loss modulus have shown that up
to the thermal-induced polymer decomposition around
250 °C (see Table 1), D63, D51, and T50 are microphase-
separated with G' ~ G" in the terminal zone behavior
and scaling with ©.0470633 Without any accessible
order to disorder transition, it is impossible to perform
any precise measurement of the associated Flory inter-
action parameters using SAXS (or SANS) experiments.3*
Sthun’s work suggests a strong dependence of y on the
PS volume fraction ¢ps3! and Mori et al.’s work a
dependence on the polydispersity index.3> Nevertheless,
a rough estimate may be obtained using PS and PDMS
solubility parameters,?! giving y ~ 106/T, which is of
the same order as existing data.3® As an illustration,
using Sthun’s results for ¢ps = 0.5,31 the quench
parameter estimated at 100 °C for D51 (see Table 4) is
roughly 4 times the corresponding styrene/isoprene
parameter. Such simple arguments may explain why
PS/PDMS block copolymers exhibit such strongly seg-
regated thermal behavior as compared with other block
copolymers. The yN estimate of 23 for T82 (see Table
4) indicates that this sample lies in the intermediate
segregated regime at the PS microphase glass transi-
tion. T90 is believed to be always in a disordered state
because its order-to-disorder transition temperature is
expected to be lower than Tgmix. Indeed, from the
triblock generalized Leibler theory,?%” a value of 55.37
is obtained for (yN)s, the spinodal quench parameter.
In this calculation, the influence of the polydispersity
and the statistical segment length asymmetry have been
taken into consideration, following the correction pro-
posed by Mori et al.3®> Thus, a rough estimate of 64 °C
for the order-to-disorder temperature may be proposed
from the (yN)s calculated value (with ¥ ~ 106/T and N
= 176), which is lower than Ty mix ~ 68—69 °C. Despite
that no phase diagram could be drawn for the PS/PDMS
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system, Winey et al.’s experimental phase diagram,
constructed for PS/P1 diblock copolymers,® predicts the
good morphology for D51, D63, T50, and T82. Thus,
we note here a difference with the previous Chu et al.
results,® indicating that the PS/PDMS phase diagram
for a diblock is more skewed toward the low styrene
volume fraction than those constructed for PS/PI. D51,
which has the same volume fraction as the 59 sample
studied by Chu et al.,® exhibits a lamellar morphology
instead of the cylindrical morphology found for the 59
sample.

For block copolymers, a significant decrease of the Ty
of the harder microphase and an elevation of the Ty of
the softer microphase has often been reported in the
literature.17.2426.31 Tables 2 and 3 allow a comparison
between block copolymer (Tgps) and homopolymer
(Tg,ps™m0) styrene glass transition. It shows that for the
samples with cylindrical or lamellae morphology, Ty ps
~ Tgpsh®™e. Nevertheless, a clear difference occurs for
T82, which has a globular morphology. For this sample,
the Typs is 6 deg below the Tg,pghomD and this cannot be
attributed to PS molecular weight only. First, consider-
ing that 3% of the PS block segments are not involved
in the PS microphase glass transition, this lower Tgps
value may be explained by the presence of a small mixed
interphase, as suggested by Kraus and Rollmann.38
Second, Morése-Séguéla et al.?* concluded that strong
dynamical interaction, due to segmental motions of the
soft microphases cooperatively transmitted to the hard
microphases, could diminishe the T4 and the Ac, of the
PS microphases in PS/PI diblock copolymer. However,
if such a dynamical effect exists independently of the
presence of any interphase layer, we cannot explaine
why the other microphase-separated samples, which
have a slightly higher PS molecular weight, do not
exhibit any decrease in Tgps. Thus, the Typs decrease
of T82 is mainly due to the presence of a small
interphase.

Another general feature already noticed by others for
the PS-based block copolymer is the larger relative
width of the PS glass transition region, compared with
that of the corresponding homopolymer (see Table 4).
Gaure and Wunderlich? have reported a general effect
caused by the large specific microphase surface area
encountered in lamellar PS/PMS block copolymers and
PS spheres, leading to the broadening of the PS glass
transition width. This type of broadening has also been
attributed to the presence of local fluctuations in
composition near the transition?® and to a possible
coupling between the order-to-disorder transition and
the PS microphase glass transition, due to the low
molecular weight of the studied diblock.3! However, far
below the order-to-disorder transition, the microphase
surface area must play a key role. Knowing the specific
surface area, S (5) (see Table 4), we can plot S versus
the relative width, ATy ps/Tgps (See Figure 6). It is clear
that the relative width increase is linked directly to the
microphases specific surface increase. In addition, T82
fails to fall on the same curve as T50, D51, and D63. In
the case of soft spherical inclusions in a glassy matrix,
unequal coefficients of thermal expansion may induce
dilational thermal stresses which would lead to a small
decrease in Tgppms Without any change in Tgps.t” In
fact, assuming that for T82 the Ty ps decrease is due to
the presence of a small interphase, the high level of the
PS glass transition relative width as compared with
T50, D51, and D63 is most probably the consequence of
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Figure 6. Microphase specific surface area S (5) versus the
PS glass transition relative width ATgps/Tgps.

any significant dilational thermal stresses, distributed
in a complex manner through a three-dimensional
globular morphology. For PS/PDMS block copolymers,
we can conclude that microstructures and, more pre-
cisely, the specific surface area strongly influence the
broadening of the hard microphases glass transition
process.

TEM pictures have shown that coherent order is quite
restricted. On a larger scale T50, D51, and D63 exhibit
optical contrast and we have established the coherent
order to be strongly restricted to small “granular”
volumes of 1 um typical size.?® This along with the fact
that T50, D51, D63, and T82 do not exhibit well-packed
lamellae, hexagonally distributed cylinders, and body-
centered cubic spheres, respectively, highlights the
difference with conventional styrene/diene systems.
Finally, support is given to Chu’s conclusion® that PS/
PDMS diblock domain sizes were 40—60% greater than
those of styrene/diene diblocks of similar molecular
weight and composition. D51 (see Table 4) has the same
morphology, a lower degree of polymerization and only
a slightly different PS volume fraction than the Sl 6/8
sample (N = 180 and ¢ps = 0.38) studied by Winey et
al.5> However, Sl 6/8 has approximatively a 45% smaller
period (measured at 65 °C) than D51 (at 100 °C).
Assuming that the lamellar period scales with N23,1/6,6.39
such a difference in periodicity between styrene/diene
and styrene/dimethylsiloxane copolymer may be a direct
consequence of a larger Flory interaction parameter of
the latter system.

Conclusions

Di- and triblock PS/PDMS copolymers of different
molecular weights and compositions have been synthe-
tized by cationic polymerization of styrene in the pres-
ence of a bifunctional chlorine-terminated PDMS/SnCl,
system and by a modified sequential anionic procedure.
Even if the polydispersity of the block copolymer ob-
tained by the cationic process is somewhat higher as
compared to those of the block copolymers synthesized
through the anionic approach, the first procedure pre-
sents the advantage of less restrictive experimental
conditions. The cationic method can be simply applied
for the preparation of a diblock starting from a mono-
functional siloxane prepolymer.

The physical and the morphological characterization
of the copolymers confirm that they are strongly seg-
regated in the phase-separated regime, a feature that
can be understood due to the strong incompatibility of
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the two blocks. They show classical spherical, cylindri-
cal, and lamellar morphologies that can be studied by
TEM without staining. One of the interesting features
is the lack of long range coherent order, which is not so
easy to understand and model, due to the lack of reliable
data concerning a necessary parameter like y. Never-
theless, this granular structure has a size that is
commensurate with the wavelength of visible light. This
opens the way for light-scattering studies of the influ-
ence of external fields like flow on the supramolecular
texture.
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