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ABSTRACT: The phase behavior of the newly found miscible polymer blends poly(4-trimethylsilylstyrene)
and polyisoprene was investigated with optical microscopy (OM) and also with differential scanning
calorimetry (DSC), while the degree of polymer—polymer interaction was evaluated with small-angle
neutron scattering (SANS). The blends with homogeneous one phase at various compositions turned into
two phases by heating, showing a lower critical solution temperature (LCST) type phase diagram with
a critical temperature of 172 °C if the degree of polymerization is ca. 370. The blend gave a single glass
transition temperature below the LCST, and the interaction parameter y was represented as a function
of temperature 7" according to the relationship y = 0.027 — 9.5/T.

Introduction

Multicomponent polymer systems have been a target
of experimental and theoretical studies for understand-
ing phase behavior and morphology.! Many researchers
were attracted by the diverse phase diagram displayed
by polymer blends?3 and block copolymers,*? which is
governed by the complex interaction between component
polymers. Polymer blends favors the immiscible state
from little gain of entropy of mixing; however, some
miscible polymer blends were discovered®’ and were
applied to design simple polymer alloys with intermedi-
ate properties of each component. Although polystyrene/
poly(vinyl methyl ether) blend may be the most familiar
and well-investigated system as miscible polymer blends,?
studies at the molecular level have been limited by the
potential of designing molecular structures of poly(vinyl
methyl ether). Anionic polymerization has been the most
sophisticated technique to design polymer molecules;
that is, the molecular weight can be precisely controlled
by this method, and many interesting polymer archi-
tectures have been realized. Therefore, the miscible
polymer pair, both of which can be synthesized anioni-
cally, is a desirable system to study phase behavior
accurately.

4-Trimethylsilylstyrene® and isoprene have known to
be polymerized anionically to give monodisperse poly-
mers. Although no attractive interaction between those
polymers was expected, we found with serendipity that
poly(4-trimethylsilylstyrene) (PTMSS) and polyisoprene
(PI) composed of 1,2- and 3,4-microstructure dominantly
showed one phase for a star-shaped tetrablock copoly-
mer by transmission electron microscopy (TEM).
PTMSS has a bulky functional group with silicon and
has been studied for application to such as separation
membranes!® and bilayer resists!! because it has high
permeability to gases and high durability against Os-
plasma etching. 1,2- and 3,4-rich PI is quite stable since

f Nagoya University.

#Toyota Central R&D Laboratories, Inc.

§ Present address: JSR, Co.

* Corresponding author: e-mail harada@mosk.tytlabs.co.jp.

10.1021/ma048527+ CCC: $30.25

it has double bonds as a side chain, compared with cis-
1,4 PI which is well-known as a resource of natural
rubber. Thus, the blends of PTMSS/PI are expected to
develop high-performance materials.

To elucidate that PTMSS and PI are miscible at the
molecular level, the phase behavior of the blends is
investigated with optical microscopy (OM) and with
differential scanning calorimetry (DSC), while the poly-
mer—polymer interaction is evaluated by small-angle
neutron scattering (SANS) in this work.

Experimental Section

Preparation and Characterization of Polymer Samples.
4-Trimethylsilylstyrene and the partially deuterated 4-tri-
methylsilylstyrene-dy monomers were prepared by the reaction
of Grignard reagent derived from 4-chlorostyrene (Hokko
Chemical Industry) with chlorotrimethylsilylsilane (Aldrich)
and the chlorotrimethylsilylsilane-dy (CDN Isotopes), respec-
tively. The details of monomer synthesis were reported in a
previous paper.!2

Poly(4-trimethylsilylstyrene) (PTMSS) and the deuterated
counterpart (d-PTMSS) were synthesized by anionic polym-
erization in THF at —78 °C, which is initiated with sec-
butyllithium and quenched with 2-propanol, in sealed glass
reactors with break-seals under high vacuum. Polyisoprene
(PI) was also synthesized in almost the same manner using
cumyl potassium as an initiator. Preparation and purification
methods were described elsewhere.!? Tacticity of PTMSS and
microstructure of PI were investigated by *C NMR at 126
MHz and 'H NMR at 500 MHz, respectively, with a Unity
Inova 500 of Varian Inc. in CDCl; at room temperature.
Chemical shifts were referred to residual CHCls in CDCls.

Molecular weights were determined by multiangle laser
light scattering (MALLS) using a DAWN EOS of Wyatt
Technology Inc. at 35 °C in THF with dn/dc of 0.143, 0.138,
and 0.126 for PTMSS, d-PTMSS, and PI, respectively. The
molecular weight distribution was estimated with gel perme-
ation chromatography (GPC) using a set of three G4000Hur
columns of Tosoh Ltd. at 38 °C with THF as an eluting solvent
at a flow rate of 1 mL/min. Densities of polymers were
measured with the gas displacement technique using helium
gas at 10 psi on an Ultra pycnometer 1000 of Quantachrome
Co.

Miscibility Measurements. The phase diagram was de-
termined with optical microscopy (OM) using a BH2 of
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Figure 1. 3C NMR chart of PTMSS. Each peak is assigned
to the carbon indicated in the inset.

Olympus equipped with a temperature controller FP82 of
Mettler. The samples were cast on coverglasses from 5 wt %
solution in THF and annealed at 150 °C for several days. The
measurement was performed at a heating rate of 1 °C/min
under a nitrogen atmosphere.

The glass transition temperature (7;) was measured with
differential scanning calorimetry (DSC) using a Q1000 of TA
Instruments Inc. The sample films were obtained by solution-
cast and were annealed at 150 °C under vacuum for several
days. The measurements were performed at a heating rate of
10 °C/min after heating for 1 h and quenching to —50 °C under
a nitrogen atmosphere. T, was estimated from the midpoint
of the heat capacity jump.

Measurements of Small-Angle Neutron Scattering.
Small-angle neutron scattering (SANS) was measured using
the SANS-U spectrometer of the Institute for Solid State
Physics, the University of Tokyo installed at JRR-3M of Japan
Atomic Energy Research Institute in Tokai, Japan. Blend films
were prepared by casting from toluene solutions of d-PTMSS
and PI for several days. Dried films were set in quartz cells
with 1.5 mm thickness and were annealed at 170 °C, followed
by sealing under high vacuum. SANS measurements were
carried out for 0.5 h each at the various temperatures from
145 to 195 °C. The wavelength of the neutron beam was 0.7
nm, the sample-to-detector distance was held at 2 m, and the
pinhole with 3 mm in diameter was set just upstream of
samples. The SANS intensities were counted on the 2D-PSD
and averaged circularly. Incoherent scattering intensities were
estimated from the intensities for normal hydrogenated poly-
(4-trimethylsilylstyrene) measured under the same conditions
assuming additivity of volume.'® The absolute intensities were
obtained with the Lupolene standard which has been already
calibrated.!*

Results and Discussion

The tacticity of PTMSS and the microstructures of PI
are investigated to elucidate the phase behavior of the
blends rigorously, since it is known that tacticity!® and
microstructures!® have effects on polymer blend misci-
bility. Figure 1 shows the 13C NMR chart of PTMSS
prepared by the above-mentioned procedures. The spec-
tra around 147 ppm are derived from the aromatic C-1
carbon, ¢, showing multipeaks which can be assigned
to isotactic, heterotactic, and syndiotactic triads.1” If the
polymers were isotactic or syndiotactic, the single peak
should be observed; therefore, we are convinced that the
PTMSS is atactic. Figure 2 shows the 'TH NMR chart of
PI prepared by the above-mentioned procedures. The
signal around 5.8 ppm is derived from the protons at
the 3-position of 1,2-microstructure, the signal around
4.7 ppm is derived from the protons at the 4-position of
1,2-microstructure, 1-position of 3,4-microstructure and
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Figure 2. 'H NMR chart of PI. Characteristic peaks to
identify the microstructures are hatched, and the correspond-
ing protons are presented with marks in the insets.

Table 1. Molecular Characteristics

code polymer My© (g/mol) M /My® 0° (g/em?)
blend-s PTMSS 35 000 1.02 0.963
d-PTMSS 33 800 1.02 1.006
PI 11 100 1.07 0.926
blend-1 PTMSS 68 000 1.01 0.963
d-PTMSS 70 000 1.03 1.006
PI 25 000 1.05 0.926

@ Weight-average molecular weights measured by MALLS.
b Polydispersity indices measured by GPC. ¢ Densities estimated
with the gas displacement technique.

3-position of 1,4-microstructure, and the signal around
2.0 ppm is derived from the protons at the 3-position of
3,4-microstructure and 1-position and 4-position of 1,4-
microstructure.’® From the intensity ratio the micro-
structure ratio of 1,2-microstructure:3,4-microstructure:
1,4-microstructure is evaluated as 46:48:6, in contrast
to the natural rubber having almost 100% 1,4-micro-
structure.

The molecular characteristics of PTMSS, d-PTMSS,
and PI are given in Table 1. Two sets of polymers with
different molecular weight, blend-s and blend-1, are
employed in this study. The molecular weight of PTMSS
is pretty close to that of d-PTMSS, and both of them
were prepared under controlled conditions so as to
match their degree of polymerization with those of the
corresponding PI. The density increase of d-PTMSS
against PTMSS is consistent with the molecular weight
increase by deuterium labeling, while the density of
PTMSS is larger than that of PI.

Blend-s with various PTMSS volume fractions from
0.09 to 0.89 were observed by OM. All of the blends were
homogeneous and looked transparent in a temperature
range from 150 to 240 °C, suggesting miscibility of
PTMSS/PI blends.

To examine miscibility of PTMSS/PI blends, T’s of
blend-s with the PTMSS volume fraction of 0.48 were
measured by DSC at different annealing temperature
from 150 to 240 °C. Their thermograms are shown in
Figure 3. A broad single Ty around 25 °C was observed
for all blends, and hence miscibility is evident. Then T’s
of blend-s annealed at 150 °C was measured by DSC
with PTMSS volume fraction varied. A single T, was
observed for all blends, and the data obtained are
plotted in Figure 4. It is apparent that the T increases
monotonically with increasing PTMSS fraction from the
value of PI homopolymer, i.e. 10 °C to that of PTMSS
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Figure 3. Thermograms of blend-s annealed at various
temperatures. The volume fraction of PTMSS is 0.48. Each
line is shifted for clarity. Dotted lines are drawn as a guide
for the eyes.
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Figure 4. Composition dependence of glass transition tem-
perature for blend-s. The blends are annealed at 150 °C. The
broken line denotes the Fox equation, while the dotted lines
expresses the self-concentration theory.
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Figure 5. SANS profiles of blend-s heated from 145 °C. The
volume fraction of PTMSS is 0.45. The lines are the fitting
results with eq 1. The fitting parameters are listed in Table
2. The inlet figure at upper right includes the Zimm plots of
the data.

homopolymer, i.e. 135 °C. A particularly sharp increase
is observed when the volume fraction of PTMSS exceeds
0.5. While the Fox equation!® overlaid in Figure 4 with
the dotted lines is a good estimate for the behavior, the
self-concentration theory?® overlaid in Figure 4 with the
broken line provides a better explanation, especially for
the blends with low PTMSS volume fraction. It is
interesting to know that at room temperature the
PTMSS/PI blends change continuously from rubbery
state to glassy one depending on compositions.

The phase behavior of the d-PTMSS/PI blend of
blend-s was investigated by SANS measurements. d-
PTMSS instead of PTMSS is employed to earn the
contrast against PI, providing negligible effects of
deuterium labeling,?! which could be supported by the
small interaction parameter of isotope blends.?? The
SANS profiles of the d-PTMSS/PI blends measured at
three different temperatures are shown in Figure 5. The
intensities in the low-q regime increase slightly as the
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Table 2. Fitting Parameters

code polymer a®(fm) v® (nm?3) ¢° N Rg(A)
blend-s d-PTMSS 111 0.305 0.452 183 40.5
PI 3.33 0.122 0.548 163 31.3
blend-l d-PTMSS 111 0.305 0.479 380 58.3
PI 3.33 0.122 0.521 363 46.7

@ Scattering lengths per monomer. ® Volumes per monomer.
¢ Volume fractions in blends. ¢ Degrees of polymerization. ¢ Radii
of gyration for polymers.

blends are heated, indicating the growth of the concen-
tration fluctuation induced by the repulsive interaction
between component polymers. The same result is ob-
tained by the Zimm plots inserted in Figure 5, which
show the shift-down of the line as the temperature
increase.

The SANS data are analyzed using the equation
based on the random phase approximation (RPA) for
miscible blends?3 according to eq 1

4z _ a_A_‘EZ/
dQ \vy, v
1 1

-24] (1)
PalNAUAPA(Q)

¢sNpUEPp(q) Uy

where a; is the scattering length per monomer, v; is the
volume per monomer, ¢; is the volume fraction, N; is
the polymerization index, and Pi(q) is the particle
scattering function of the polymer component i (= A or
B), while vy is the reference volume and y denotes the
Flory—Huggins parameter of the segmental interaction.
a;, vi, ¢;, and N; are calculated with the scattering
lengths of the component atoms, bulk densities, weight
fractions, and molecular weights, respectively. It should
be noted that bulk densities are a function of the
temperature. However, we employed a constant value
measured at room temperature since monomer volume
change affects less than several percent for temperature
change from room temperature to the measurement
temperatures due to the small expansion coefficient of
polymers.24

The Debye function is employed to represent the
scattering factor of a single chain;2% it can be expressed
as

2
2 22
gl

P(q) = lexp(—R, ’q®) + R, ;> — 11 (2)

where R, is the radius of gyration of the component i.
R, of PTMSS was obtained from the SANS measure-
ments for d-PTMSS/PTMSS blends at 150 °C,'2 which
is consistent with the value obtained from intrinsic
viscosity measurements.26 R, of PI was estimated from
the intrinsic viscosity measurements of PI in the 0
solvent of 1,4-dioxane at the 6 temperature of 36.3 °C,
which agrees with the reported value.?” All the param-
eters determined by the fitting are listed in Table 2. The
reference volume vg is defined as (vavp)¥? and is
estimated to be 0.193 nm3. Although R, should also be
a function of temperature, we set it constant because it
is known that R, show small change on temperature?®
whether the polymers are in a 6 solvent or in bulk.??
To evaluate the interaction parameter y, the least-
squares fittings with eq 1 were performed to the SANS
data, where y was set as a fitting parameter and a
baseline factor was introduced to adjust insufficient data
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Figure 7. Phase diagram of blend-1. The line is drawn as a
guide for the eyes.

correction for absolute coherent scattering cross section.
As overlaid in Figure 5, the fitting lines show excellent
agreement with measured data points, confirming that
the RPA is a good model to express concentration
fluctuation for the present miscible polymer system.

In Figure 6, the evaluated interaction parameter
values are plotted against the inverse of temperature,
1/T. The plots are on a straight line fairly well, and it
is evidenced the data follow the standard form of A +
B/T, where A and B are the constants representing the
entropic and enthalpic parts of the interaction param-
eter. By least-squares linear fitting, A and B are
obtained as 0.027 and —9.5, respectively. When A is
positive and B is negative, the y changes from positive
to negative as temperature increases, indicating that
PTMSS/PI blends show LCST-type phase behavior.

Mean-field theory3? predicts the interaction param-
eter at spinodal point y; as

X =@( 1 + 1 ) 3)
5 2\vpNpdy  vpNpop

When ¢a = /opN/(\JusN, + /opNp) and ¢ = /v, N,/
(4/uaNy + 4/UgNp), s gives the critical value y. as

4)

Xz@ 1 n 1 )2
¢ 2a/vANA A/UgNp

Substituting the values in Table 2 for va, v, Na, and
Ng in eq 4, y. is calculated as 0.0124, and from the
temperature dependence of y, T is calculated as 378
°C, which is much higher than the measured temper-
ature range in this study. If we estimate the critical
value for the degree of polymerization at 200 °C, which
is a typical high temperature we can reach by the
present experiment, 304 is obtained for N or Ng. The
degree of polymerization for larger molecular weight
samples in Table 1 is enough larger than this critical
value.

Figure 7 gives the phase diagram of blend-1 deter-
mined by OM. The open circles show the phase separa-
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b

Figure 8. Optical images of blend-l observed at 165 °C (a,
left) and at 195 °C (b, right). The volume fraction of PTMSS
is 0.4. Bars in each picture correspond to 10 ym.
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Figure 9. Thermograms of blend-1 annealed at various
temperatures. The volume fraction of PTMSS is 0.48. Each
line is shifted for clarity. Dotted lines are drawn as a guide
for the eyes.

tion temperature for each blend with different volume
fractions, and the line is drawn as a guide for the eyes.
In the lower region of the line the blends are homoge-
neous and look transparent as shown in Figure 8a, while
they have domain structure over micrometer size and
seem turbid in the higher region of the line as shown
in Figure 8b, exhibiting a typical phase diagram of lower
critical solution temperature (LCST) type. From Figure
7 the critical point is obtained at around 0.4 in terms of
PTMSS volume fraction and at around 172 °C.

Ty’s of blend-1 with different annealing temperature
from 150 to 240 °C were measured by DSC, and their
thermograms are shown in Figure 9. A single Ty is
observed for the blends annealed at lower temperature
than 170 °C, while double Ty is detected for the blends
annealed above 190 °C, indicating that the LCST is
between 170 and 190 °C.

The SANS profiles of the d-PTMSS/PI blend having
larger molecular weight measured at various temper-
atures are shown in Figure 10, and fitting lines with
the RPA are overlaid. Comparing Figure 5 and Figure
10, the sharper increase of intensities at low ¢ region
for the latter is evident, reflecting the increase of
concentration fluctuation. This is confirmed by the
Zimm plot inserted in Figure 10, where the value at g2
= 0 approaches 0 as the temperature increases. The
fitting parameters are listed in Table 2, and the evalu-
ated interaction parameter y’s are plotted against the
inverse of temperature, 1/7. As is shown in Figure 11
with open circles and a solid line, the plots are again
on a straight line and follow the standard form, which
agrees reasonably well with the result of the blend with
lower molecular weight shown by small open circle and
the dotted line. From this y and the molecular charac-
teristics in Table 2, the T\ is estimated as 172 °C, which
is quite consistent with the results from OM and DSC.
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Figure 10. SANS profiles for blend-1 heated from 145 °C. The
volume fraction of PTMSS is 0.48. The lines are the fitting
results with eq 1, using the fitting parameters listed in Table

2. The inlet figure at upper right includes the Zimm plots of
the data.
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1. The solid line is a least-squares linear fitting result. The
result of blend-s is overlaid with small open circles and a dotted
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Table 3. Comparison of Interaction Parameters for
Miscible Polymer Systems with LCST

miscible polymer system A B (K) vo (nm3)
d-PS PVME® 0.053 —22 0.124
d-PS PCHA® 0.11 —57 0.198
d-hhPP PIB¢ 0.025 -10 0.128
d-PTMSS PI 0.027 -9.5 0.193

@ PS = polystyrene. PVME = poly(vinyl methyl ether). Cited
from ref 8. ® PCHA = poly(cyclohexyl acrylate). Cited from ref 31.
¢hhPP = head-to-head polypropylene. PIB = polyisobutylene.
Cited from ref 32.

Finally, the interaction parameters y of the PTMSS/
PI blend are compared with known miscible polymer
blends: polystyrene (PS)/poly(vinyl methyl ether)
(PVME),® polystyrene (PS)/poly(cyclohexyl acrylate)
(PCHA),?! and head-to-head polypropylene (hhPP)/poly-
isobutylene (PIB),32 all having LCST-type phase dia-
grams. The interaction between PS and PVME was
investigated by 2D NMR, and a coupling of phenyl group
and ether group was observed.?® The driving force for
miscibility in PS/PCHA was believed to be a weak
dipole—induced dipole interaction enhanced by finite
rotational states of the segments limited by the bulky
cyclohexyl group.3* The anomalous property of PIB
against other polyolefin was explained by lattice cluster
theory from the structures of monomers.?> Their A and
B values obtained from the interaction parameters and
vo employed for analysis by RPA are shown in Table 3.
From the comparison one notices that the d-PTMSS/PI
blend is similar to the d-hhPP/PIB blend in phase
behavior, though the origin of its interaction could be
quite different from that of the present polymer blend.

Using 4-trimethylsilylstyrene and isoprene, block
copolymers can be synthesized by sequential anionic
polymerization,3® which will be a segregation-tunable
microphase-separated system. Structure-controlled
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PTMSS and PI will give new category of polymer blends
with various phase behavior.

Conclusion

The blends of poly(4-trimethylsilylstyrene) (PTMSS)
and polyisoprene (PI) were studied by optical microscopy
(OM), differential scanning calorimetry (DSC), and
small-angle neutron scattering (SANS). We have found
that the PTMSS/PI blend is a new miscible polymer
system, both component polymers of which can be
synthesized anionically. The blends showing homoge-
neous one phase turns into two phases by heating
around 172 °C, which shows the critical point for the
lower critical solution temperature (LCST) phase dia-
gram. Below the LCST the blend gives a single glass
transition temperature, and the interaction parameter
x is represented as a function of temperature, 0.027 —
9.5/T, supporting the LCST-type phase behavior.
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