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ABSTRACT: Monodisperse poly(4-timethylsilylstyrene)s (PTMSS’s) and the partially deuterium-labeled poly-

mers were prepared and characterized to determine their unperturbed dimensions by measuring small-angle neutron

scattering of their blends. For polymer pairs with three different molecular weight (Mw), the radii of gyration (Rg)

in bulk were estimated and a power law was deduced as Rg ¼ 0:022Mw
0:50 (nm). The power index 0.50 was consistent

with the theoretical prediction for ideal chains, 1/2. Although the prefactor, 0.022, is apparently smaller than that of

polystyrene (PS), 0.0275, the segment length of this polymer, 0.72 nm, is similar to that of PS, 0.69 nm. It is indicated

that the bulky trimethylsilyl group on 4-position does not affect much on the chain conformation of polystyrene back-

bone. [DOI 10.1295/polymj.36.538]
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Poly(4-trimethylsilylstyrene) (PTMSS) has been
studied for applications to separation membranes
and bilayer resists because it has high permeability
to gases1,2 and high durability against O2-plasma
etching.3,4

Conventionally PTMSS was synthesized free-radi-
cally. It was reported that 4-trimethylsilylstyrene can
be polymerized anionically5 and living-radically.6

With these polymerization techniques we can design
polymer architecture and prepare block copolymers
and cyclic polymers containing PTMSS, useful to de-
velop higher-performance materials.
Recently experimental evidence showing a single

phase from polymer blends of PTMSS and poly-
isoprene (PI) has been found by TEM observation,
glass transition temperature measurements and optical
microscopy. This suggests that PTMSS and PI are
miscible, which is unpredictable because their chemi-
cal structures are so different that no attractive force
between the groups was expected.
Miscibility behavior of polymer blends is in general

expressed with � parameter. Since it can be precisely
determined by measurement of small-angle neutron
scattering (SANS)7,8 in conjunction with the analysis
based on the random phase approximation (RPA),9

the radius of gyration (Rg) of PTMSS should be known
in advance of the study on miscibility of blends. The
radii of gyration of polymers in bulk can be estimated
by measuring SANS coherent scattering intensity from
blends of normal hydrogenated polymers with the deu-

terium-labeled counterpart. Therefore, PTMSS has to
be deuterated. Partially deuterium-labeled polymers
(d-PTMSS) together with normal hydrogenated ones
(PTMSS) were synthesized and characterized in this
work. Successively unperturbed dimensions of these
polymers were measured by SANS.

EXPERIMENTAL

Monomer Synthesis
Partially deuterium-labeled 4-trimethylsilylstyrene

was synthesized by reaction of deuterated chlorotri-
methylsilylsilane purchased from CDN Isotopes with
Grignard reagent derived from 4-chlorostyrene of
Hokko Chemical Industry Co., Ltd.10 Tetrahydrofuran
(THF) with non-stabilizer of Hayashi Pure Chemical
Ind., Co., Ltd. was used as dry solvent and experi-
ments were performed under nitrogen gas atmosphere.
4-Chlorostyrene (150 g, 1.1mol) was first dissolved in
THF (130mL) and the solution was dropped very
slowly onto activated Mg turnings (31.8 g, 1.3mol)
of Nacalai Tesque Inc. The solution was then refluxed
for 20min at about 65 �C and cooled to room temper-
ature. Successively neat deuterated chlorotrimethyl-
silane (100mL, 0.8mol) was added dropwisely onto
THF solution of the Grignard reagent and the solution
was stirred for 1 h at room temperature, followed by
neutralization and extraction. After solvents were
evaporated from organic phase, crude partially deute-
rium-labeled 4-trimethylsilylstyrene was obtained by
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distillation under reduced pressure twice. The yield
was 97 g, the conversion being 77%. 1H NMR spectra
were obtained with UNITY INOVA 500 of Varian
Inc. at 500MHz at room temperature in CDCl3.
Chemical shifts were referred to residual CHCl3 in
CDCl3.

1H NMR: � 7.38–7.49 (m, 4H), 6.72 (q,
1H), 5.23–5.79 (m, 2H). It was confirmed by gas chro-
matography that 0.4% of 4-chlorostyrene was still
present in carefully distilled monomer.
Normal hydrogenated 4-trimethylsilylstyrene mono-

mer was also synthesized in almost the same manner
as partially deuterium-labeled monomer using chloro-
trimethylsilane instead of deuterated chlorotrimethyl-
silane. 1H NMR: � 0.34 (s, 9H, Si(CH3)3), 7.45–7.57
(m, 4H), 6.78 (q, 1H), 5.30–5.86 (m, 2H).

Preparation and Characterization of Polymers
Anionic polymerization reactions were carried out

under high vacuum in sealed glass reactors with break
seals. Partially deuterium-labeled 4-trimethylsilylsty-
rene was dried over calcium hydride and purified with
triphenylmethyllithium. The evacuated and isolated
glass apparatus for polymerization was rinsed with
n-butyllithium in benzene. Sec-butyllithium as initia-
tor and purified THF as solvent in different ampules
were introduced into reaction vessels and polymeriza-
tion reactions for both deuterium-labeled and hydro-
genated monomers were carried out for 0.5–5 h at
�78 �C in almost the same manner as reported previ-
ously.11 After the living polymers were quenched with
isopropanol, the polymers were precipitated in excess
methanol and freeze-dried with benzene. Fractiona-
tion by GPC had to be carried out for higher molecular
weight d-PTMSS because of a certain degree of poly-
mer contamination with low molecular weight due to
small amount of residual 4-chlorostyrene in the syn-
thesized monomer. Infrared (IR) spectra were ob-
tained at room temperature with Herschel FT/IR-
230 of Jasco Inc. For d-PTMSS, 1H NMR: � 7.38–
7.48 (m, 4H), 6.71 (q, 1H), 5.25–5.77 (m, 2H). IR
(cm�1): 714 (Si–C stretch), 995 (Si–CH3 deforma-
tion), 2210 (Si–C stretch). For PTMSS, 1H NMR: �
0.34 (s, 9H, Si(CH3)3), 7.45–7.55 (m, 4H), 6.78 (q,
1H), 5.32–5.84 (m, 2H). IR (cm�1): 852 (Si–C
stretch), 1248 (Si–CH3 deformation), 2903 (Si–C
stretch).
Molecular weights were determined by multiangle

laser light scattering (MALLS) using DAWN EOS
of Wyatt Technology Co. with dn/dc of 0.138 and
0.143 for d-PTMSS and PTMSS, respectively. Molec-
ular weight distribution was estimated with gel perme-
ation chromatography (GPC) using a set of three
G4000HHR columns of Tosoh Co. at 38 �C with
THF as eluting solvent at a flow rate of 1mL/min.
Densities of polymers were measured with gas dis-

placement technique using helium gas at 10 psi on Ul-
tra Pycnometer 1000 of Quantachrome Co. Differen-
tial scanning calorimetry (DSC) data were obtained
at a heating rate of 10 �C/min under nitrogen atmos-
phere with Exstar 6000 of Seiko Instruments Inc.
Thermal gravimetric analysis (TGA) was performed
at a heating rate of 10 �C/min under argon atmosphere
on Thermo Plus 2 of Rigaku Co.

SANS Measurements
Blend films were prepared by casting from toluene

solutions of PTMSS and d-PTMSS (50/50 by w/w)
for several days and the films were placed in quartz
cells with 2mm thickness and sealed under vacuum,
followed by annealing at 170 �C. Small-angle neutron
scattering was measured using SANS-U spectrometer
of Neutron Science Laboratory at the Institute for Sol-
id State Physics, the University of Tokyo installed at
JRR-3M of the Japan Atomic Energy Research Insti-
tute in Tokai, Japan. All measurements were per-
formed at 170 �C for 3 h. The wavelength of the neu-
tron beam was 0.7 nm, the sample-to-detector distance
was held at 8m and the pinhole with 5mm in diameter
was set just upstream of the sample. SANS intensity
was determined with a 2D detector and averaged cir-
cularly. Incoherent scattering were calibrated with the
intensity of normal hydrogenated poly(4-trimethyl-
silylstyrene) measured as above assuming additivity
of volume.12

RESULTS AND DISCUSSION

Partially deuterium-labeled 4-trimethylsilylstyrene
and hydrogenated polymers were polymerized anioni-
cally to give polymers with different molecular
weight. The weight average molecular weight, Mw,
and polydispersity index, Mw=Mn, are shown in
Table I. Three pairs of polymers with similar molecu-
lar weight were obtained to prepare three polymer
blends for SANS measurement and polydispersity in-
dices of all polymers were small enough. The molecu-
lar weight of the blend was defined as the average of
the degree of polymerization.13

Table I. Molecular characteristics of poly(4-trimethylsilyl-

styrene)s and partially deuterium-labeled polymers

Polymer Code 10�3Mw
a Mw=Mn

b Blend Code 10�3Mw
c

H-35 35.0 1.02
HD-34 33.7

D-34 33.8 1.02

H-47 47.4 1.02
HD-44 44.0

D-43 42.6 1.07

H-68 68.3 1.01
HD-68 67.6

D-70 70.2 1.03

aDetermined by MALLS. bDetermined by GPC. cCalculated

average value using the method in Ref 13.
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The density of PTMSS and that of d-PTMSS are
shown in Table II. The density ratio of the polymer,
0:963=1:006 ¼ 0:957, is consistent with the ratio of
monomer molecular weight, 176=185 ¼ 0:951, indi-
cating that the extent of monomer packing was un-
changed by deuterium-labeling. Glass transition tem-
perature (Tg) and thermal degradation temperature
(Td) are listed in Table II. Because the temperature
for SANS measurement, 170 �C, is above Tg and
much below Td, the blend sample is assured to be in
the melt and stable state during SANS measurement.
Figure 1 shows the SANS coherent intensity for the

three polymer blends measured at 170 �C as the func-
tions of the scattering vector q (¼ 4� sin �=�), where
2� is the scattering angle and � denotes wavelength
of neutron. The intensity (I) at low scattering vector
(q) regime increased with Mw, indicating the expan-
sion of the polymer coils in accordance with chain
length. To estimate Rg of the polymers, Guinier plots
of ln I vs. q2 were made as shown in Figure 2. In the
Guinier region defined as q2 < 1:32=Rg

2 the plots
were aligned on straight lines and Rg was determined
for each profile by equating the slop as �1=3Rg

2.14 In
Figure 3 the Rg is plotted double-logarithmically
against Mw assuming a power law behavior. The line
fitting gives the relationship, Rg ¼ 0:022Mw

0:50 (nm).
The index 0.50 is consistent with the theoretically-pre-
dicted value of 1/2,15 confirmed experimentally for
several polymers in bulk.16,17 From the prefactor,
0.022, the segment length (b), defined as Rg ¼

bðN=6Þ1=2 where N is the degree of polymerization,
was estimated as 0.72 nm. This is similar to that of
PS, 0.69 nm and thus the monomer units of a PTMSS
chain distributed in almost the same way as that of a
PS chain irrespective of the existence of fairly large
trimethylsilyl group on 4-position.
� parameter between PTMSS and PI can be esti-

mated precisely using Rg obtained in this study. SANS
measurement for d-PTMSS/PI blends is now in prog-
ress.

CONCLUSIONS

Partially deuterium-labeled 4-trimethylsilylstyrene
(d-TMSS) together with hydrogenated TMSS was
synthesized. The monomers were polymerized anioni-
cally and it was confirmed that three pairs of d-
PTMSS and PTMSS were monodisperse by careful
molecular characterization. SANS measurement was
performed for three pairs of samples to obtain Rg’s
in bulk state. The relationship in between Rg and
Mw was obtained as Rg ¼ 0:022Mw

0:50 (nm), which
is essentially equivalent to that for polystyrene in
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Figure 1. Coherent scattering intensity vs. scattering vector

for three blend samples; HD-34 ( ), HD-44 ( ), HD-68 ( ).
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Figure 2. Guinier plots of the data in Figure 1; HD-34 ( ),

HD-44 ( ), HD-68 ( ). Linier fittings are shown by solid lines

and the Guinier ranges are indicated by dotted lines.
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Figure 3. Double-logarithmic plots of Rg vs. Mw for three

blend samples. The linear fitting is shown by a solid line:

logRg ¼ 0:50 logMw � 1:66.

Table II. Properties of poly(4-trimethylsilylstyrene)s

(PTMSS) and partially deuterium-labeled polymers (d-PTMSS)

Polymer
�a Tg

b Td
c

(g/cm3) (�C) (�C)

PTMSS 0.963 134 341

d-PTMSS 1.006 133 376

aMeasured with pycnometric gas displacement technique.
bMeasured with DSC. cMeasured with TGA.
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bulk, Rg ¼ 0:0275Mw
1=2 (nm), indicating that the tri-

methylsilyl group on 4-position does not significantly
affect polymer chain conformation of the PS back-
bone.
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