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The polymer—polymer interaction parameter y'y,, for the polystyrene/poly(«-methyl styrene)/n-butyl
chloride ternary system, has been determined from activity coefficients of the solution measured using

piezoelectric vapour sorption methods in the temperature range 30°-60°C

. (These measurements where

carried out in the concentration range 0.06 <1/, <0.26, where i is the segment fraction of the solvent).

The values of x5 extrapolated to zero solvent concentration over the range 30°—60°C, are
large and negative (—0.2to —0.9) x',, was found to increase with ¥o- The negative values of y',, in this
work are in agreement with the 7, in the polystyrene (M,,=2.04x1 0*)/poly(a-methyl styrene)
M,=9.09x10%) blends on the pomt of blend compatibility. The polymer—polymer interaction
parameters obtained in this work are discussed by taking into account the high susceptibility of polymers

in the glassy state to solution of organic solvents.

(Keywords: polymer—polymer interaction parameter y'y,; polystyrene/poly(z-methyl styrene) blend;
piezoelectric vapour sorption methods; compatibility phenomena)

INTRODUCTION

The compatibility phenomena between the polymers or
oligomers have been investigated using gas-liquid chro-
matography’ ~3, melt-titration*, differential scanning ca-
lorimetry®~7 (d.s.c.), differential thermal analysis® (d.t.a.),
neutron® ~*! and light scattering'2. The measurements of
phase diagrams!3~23, vapour sorption#, osmotic pre-
ssure?’, and mechanical strength?® in the polymer blend
systems have been carried out extensively. The available
data indicate that many compatible polymer systems are
characterized by a specific interaction between the poly-
mers. The free volume effect is not large as in the usual
polymer—solvent systems. The phase separation at the
lower critical solution temperature in the polymer blend
has been predicted by using the recent theories of polymer
solution thermodynamics!’-27. The importance of the
[Ay| effect in explaining the polymer compatibility in
ternary solutions!!3'5 has been recognized. The |Ay|
effect is due to the difference between the strengths of
interactions of the two polymers with the solvent. The
chain dimensions in a binary mixture of compatible
polymers have been determined using neutron scattering
and discussed by comparisons with the polymer dimen-
sion in the compatible state with those in the unperturbed
state® 1,

Whether the phenomena of both the upper and lower
critical solution temperatures in the polymer system
observed in the polystyrene/poly(vinyl methyl ether)
system!®-24 can be explained by the recent theories is an
open question. The compatibility in the non-polar po-
lymer blend such as polystyrene/poly(a-methyl sty-
rene)®-%-® and its molecular weight dependence’-® has not
been predicted theoretically. However, the large variation
in the location of the miscibility gap in oligomeric
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mixtures is achieved with the combinatorial entropy
term?2, In order to discuss these experimental results,
reliable values of the polymer—polymer interaction para-
meter are needed over the wide range of temperature and
molecular weight of the polymer.

In this work the interaction parameter between poly-
styrene and poly(a-methyl styrene) has been determined
from the activity coefficient of solvent in the ternary and
binary solutions at very high concentrations of polymer,
so that the parameter obtained may reflect closely the
properties of polymer blend in bulk state. The polystyrene
and poly(x-methyl styrene) were selected to elucidate the
general properties of the polymer blend system!7-22:27
and also because the blend is non-polar and compatible,
and the result in this work can be compared with data
available such as those from the glass transition tempera-
ture>-%-8 and neutron scattering!! studies.

EXPERIMENTAL

Polystyrene (PS) was obtained from Pressure Chemical
Co. and characterized by M, =1.75x 10*, M /M, <1.04
and poly(a-methyl styrene) (PaMS) from Polysciences
and M,=9.00x10* M,/M,<1.1. n-Butyl chloride (n-
BuCl) was of reagent grade, obtained from Wako Pure
Chemicals. The solvent was dried by potassium anhydride
and distilled before use. Chloroform was used as a casting
solvent and was obtained from Wako Pure Chem, It was
used as received. The piezoelectric vapour sorption
apparatus is described elsewhere?®

DATA REDUCTION

Sauerbrey showed that there is a linear relationship
between the frequency decrease and the mass of material
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deposited on a piezoelectric crystal surface?®. Using
Sauerbrey’s relationship, the weight fraction of solvent
sorbed by polymer in the binary solution is calculated
using

wo=mo/(my +mo)=AFy/(AF, +AF) 1)

where AF, is the frequency decrease due to the solvent
mass m, sorbed by polymer on the crystal, and AF, is the
frequency decrease due to the initially applied polymer
coating of mass m;. In a ternary system of
solvent(0)/polymer(1)/polymer(2), the weight fraction of
the component (i) is given by introducing a blend con-
centration of component (1), w,,

wy=m,/(m; +m,)=AF,/(AF, +AF,) 2
Wo=mgo/(mg+m, +my)=AF,/(AF,+AF, +AF,)

(3a)
w1 =w,(1—wo) (3b)
wy=1—wo—w, (3c)

where AF; is the frequency decrease due to the mass of
material (i) deposited on the crystal. With a knowledge of
wy and w,, values of w; and w, are determined by the
above equations.

At modest pressures, the activity a, of the solvent at a
given solution temperature is expressed by3°

ao=(Po/Po)exp{ — Boo(Po— Po)/RT} “

where P, is the partial pressure of solvent above the
polymer solution, Pj is the saturated vapour pressure of
solvent at the solution temperature, By, is the second
virial coefficient of solvent, T is the absolute temperature,
and R is the gas constant. The values of P for the pure
solvent were obtained from the literature®!. The detailed
procedure to determine a, and w, is described in detail
elsewhere?®,

The vapour sorption data for n-butyl chloride obtained
by coating the PS/PaMS blend from chloroform solutions
agreed with those by coating the PS/PaMS from n-butyl
chloride solutions. Therefore, the vapour sorption iso-
therm in this work will not depend on the solvent. Errors
caused by the temperature dependence of the frequency of
the quartz crystal in the measurement have been mini-
mized by monitoring the frequency of uncoated crystal at
measuring temperatures before the vapour sorption
experiment.

RESULTS

The polymer—solvent interactions in the binary system are
often analysed using the Flory—Huggins formulation for
the activity coefficients3?

ao/do=exp{(1—-1/r)¢, + 41} ©)

where the ¢’s represent volume fraction of solvent (@)
and polymer (¢, ), and r is the ratio of the molar volume of
the polymer to that of the solvent. Following recent
polymer solution theories®*4, the volume fractions in
equation (5) are replaced by segment fractions (),
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'l’i = wiv?:sp /(igowiv?:sp) (6)

where the quantity v, is the specific characteristic
volume reduction parameter of component (i). The values
of v}, reflecting the hard-core volume of each component
are 0.8742 cm® g ! for n-BuCI3%, 0.770 for PaMS3¢ and
0.8098 for PS®7. In Figures I and 2, values of the polymer—
solvent interaction parameter y,, for PS/n-BuCl and y,,
for PaMS/n-BuCl calculated using equation (5) are
plotted against yrq.

The polymer—polymer interaction is analysed using the
Flory—Huggins expression for a system of two polymers
and one solvent>?

aoo=exp[(1—rig Wy +(1 =133 Wa+x10¥3 +120V3
+ 10+ 220— X12W1¥2] ™
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Figure 1 Interaction parameter y;o plotted as a function of the
segment fraction of solvent y, for solutions of n-butyl chloride in
polystyrene at various temperatures; (@) 30.0°C, (O) 35.0°C,
(A) 40.0°C, (A) 50.0°C, and ([J) 60.0°C
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Figure 2 Interaction parameter y,, as a function of segment
fraction of solvent yq for solutions of n-butyl chloride in
poly(«-methyl styrene) at various temperatures, (@) 30.0°C,
(V) 31.2°C, (A) 32.5°C, (O) 35.0°C, (A) 40.0°C, (V) 50.0°C,
(1) 60.0°C
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where r,, is the ratio of characteristic molar volume
reduction parameter (M, v¥,,) of polymer (i=1 or 2) to
that solvent (i=0), x,, is the polymer(i}-solvent(0)
interaction parameter, and yxj, is the polymer(l)-
polymer(2) interaction parameter per segment of poly-
mer(1). In Figure 3, values of x;, for the PS-PaMS

X12=X12/T10

0.5
0 -

e L
>

-0.51-

-1.0 1 1 1 1 1

0 0.1 0.2 0.3
4o

Figure 3 Interaction parameter x'y, (between polystyrene and

poly(a-methyl styrene)) plotted as a function of segment
fraction of solvent ¥ in the ternary polystyrene/poly(«-methyl
styrene)/n-butyl chloride system at various temperatures, (@)
30.0°C, (O) 35.0°C, (A) 40.0°C, (V) 50.0°C, and () 60.0°C.
The blend concentration of PS=0.5

(calculated using equation (7) and y, o and y,, in Figures 1
and 2) are plotted against ¥/,

Experimental values of the ratio [ 0(ay/y o)/0a, ]+ for the
PS/n-BuCl, PauMS/n-BuCl, and PS/PaMS/n-BuCl sys-
tems are observed to be constant over the concentration
and temperature range measured. The empirical relation
between the activity coefficient and the concentration of
solvent can be derived assuming that values of
[8(ao/¥o)/a,]r are independent of concentration?®:

[5(a0/¢0)6a0]T= C
ao/Yo=B/(1—-Cy,)

(10)
(11)

where C and B are constant. The value of B in equation
(11) corresponds to that of ay/y, extrapolated to y,=0. In
Tables 1 and 2, values of B and C and 3, x50 and x7’; at
the limit of ¥ ,=0 calculated using equations (5) and (7)
are listed. In Figures 4 and 5, values of x, o, x50 and x7, are
plotted against temperature. The temperature depen-
dence of x,, for the PaMS/n-BuCl system at temperatures
lower than 40°C is complicated, while y, , for the PS/n-
BuCl system decreases with increasing temperature
linearly.

DISCUSSION

The negative values of x7, observed in the PS/PaMS
suggest that the blend of PS(M,=1.75x10% and
PaMS(9.0 x 10*) is compatible (at least at temperatures
between 30°—60°C, which is consistent with the presence
of a single glass transition temperature in the
PS(M,, =2.04 x 10%)/PaMS(9.09 x 10%) system® and also
the result that the polymer chain dimension of PS in
solutions of PS in PaMS is slightly less than the unper-
turbed value'?.

The values of y;, are negative in the vicinity of y,=0
and become positive with increase in ¥, (see Figure 3).
This suggests that the addition of 6-20% of the solvent
brings about phase separation and that the phase diagram

Table 1 Experimental values of 8 and C in equation {11) for PS/n-BuCl, P a MS/n-BuCl and PS/P o MS/n-BuCl systems

PS/n-BuCl P o MS/n-BuCi PS/P a MS/n-BuCl

Temperature B C B C B (o4

30.0°C 483 - 29 442 - 1.7 5.16 - 3.2
325 483 - 29 3.29 - 10 439 - 24
35.0 483 - 29 3.45 - 18 5.09 - 33
40.0 459 - 28 298 - 08 3.95 - 19
50.0 436 - 28 297 - 09 399 - 27
60.0 418 - 28 3.34 - 13 421 - 28

Table 2 Values of x 7, for PS/n-BuCl, x5, for P MS/n-BuCl and x'°,, for PS/PaMS in the vicinity of ¥ , = O calculated from equations (5)

and (7) and from the values in Table 1

Temperature PS/n-BuCl P aMS/n-BuCl PS/P a MS

[+

X 10 xozo an
30.0°C 0.568 0.49 — 044
325 0.58 0.19 - 0.37
35.0 0.58 0.24 - 087
40.0 0.563 0.08 — 024
50.0 0.48 0.09 - 0.39
60.0 0.44 0.21 — 047
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Figure 4 Interaction parameters y;o and xoq plotted as a
function of temperature at various concentrations in the
PS/n-BuCl system, upper curves, (O) ¥,=0, (@) =0.16,
(O) ¥4=0.22; the PaMS/n-BuCl system, lower curves,

(A) ¥0=0, (O) ¥0=0.16, (A) y=0.22
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Figure 5 Interaction parameter x’o,z (extrapolated to y;=0)
plotted as a function of temperature for the PS/PxMS blend

of the PS/PaMS/n-BuCl system shows a closed region
similar to that in the polystyrene/poly(vinyl methyl
ether)/chloroform system!

The polymer—polymer interaction parameter of x} , can
be obtained from equation (7) through the values of yx,,
and x5, which were determined for a polymer in the liquid
state. There is a report®® that a polymer in the glassy state
shows a high susceptibility to swelling and solution for
organic solvents than it would as a liquid. The trend leads
to a lower value of x;, and a large negative value of ), (if
o Was determined for a polymer in the glassy state’).
Therefore it is important to examine whether or not the
binary and ternary systems under measurements are in a
state above the glass transition temperature (7;), when x,
is evaluated using equation (7).

A rough estimation of T, as a function of concentration
of n-BuCl in the PS/n-BuCl, PaMS/n-BuCl, and
PS/PeMS/n-BuCl systems has been carried out by using
available experimental data. Numerous workers have
examined the T -composition trend in polymer/dlluent
systems*®:4! The equation developed by Jenkel et al.*® i
given by
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Ty=woT, o +w T, 1 +wowb(T, , — T, o) (12)

where T, (K) is the glass transition temperature for the
pure component of diluent(0) and polymer(1), and b is an
empirical parameter depending on the polymer—diluent
interaction, and w; is the weight fraction of (i). The T, for
pure polymers and blend are known to be 373K for PS6
450K for PaMS® and 110°C for PS/PaMS blend® with a
blend composition w,=0.5 in this work. The T, of n-BuCl
1s estimated to be 90K through the melting temperature

=150K>! and ratio of T,/T,,=0.6, which is an average
value for alcohols and carbon tetrachlonde‘*2 The ratio
does not depend strongly on the materials, for example
T,/ T, for the majority of polymer are between 0.56 and
0.76%2. The value of b in the systems studied in this work is
assumed to be in the range of —0.8 to —1.4. Data in
14 PS/diluent systems*® have values between —0.42 and
—1.40 with an average value of —0.92. The calculated
values of T, from equation (12) (with T, ,= —183°C and
b=—08to —1.4) are 60°C at y,=0.08 +0.01, and 30°C
at i, =0.1440.02 for the PS/n-BuCl system, and 60°C at
¥=0.19+0.03 and 30°C at y,=0.25+0.04 for the
PaMS/n-BuCl. The T;s in the PS/PaMS/N-BuCl system
are 60°C at y,=0. 10+0 01, and 30°C at y,=0.15+0.02.
It is speculated from the above results that most of the
values of 1, in the PS/n-BuCl system and of a,/if, in the
PS/PaMS/n-BuCl system obtained in this work are
determined at temperatures above T, while in the PaMS/
n-BuCl system values of y,, are determined at or near the
T, (except those at 35°C). It is possible that the values of
x20 for the PaMS/n- BuCl in this work are smaller than
those for a PaMS in the liquid state.

It is of interest to discuss the compatibility phenomena
between polystyrene and poly(x-methyl styrene) from the
viewpoint of a specific interaction between the polymers.
The polymer—solvent interaction parameter in the PS/b-
enzene and PS/toluene systems over very low solvent
concentration provides useful information. Values of y in
the PS/benzene system and PS/toluene system over the
concentration 0.2 <y,<0.32% are small (0.25-0.35) and
increase slightly with increases in 42332 The same
behaviour of dy/dy,>0 is also found in the PS/dichlo-
romethane and PS/chloroform?® systems where weak
hydrogen bonding exists between the phenyl group of the
PS and chloroform*!. To our knowledge, the positive
values of dy/dy, and small or negative values of y are
found in the systems with a specific interaction between
polymer and solvent, while in nonpolar or moderately
polar solvent systems y is positive and large and dy/dy, is
zero or negative?®3%44 The miscibility phenomena be-
tween PS and 2,6-dimethyl poly(phenylene oxide)
(2MPPO) have been discussed from the structure and
molecular basis. Wellinghoff et al. showed by using
ultraviolet and Fourier transform infra-red spectros-
copy* that the dispersion interaction between the phenyl
ring of PS and phenylene ring of 2MPPO is quite strong,
This is thought to be responsible for the compatibility.
However, Djordjevic et al.*® suggest that n-hydrogen
bond between the methyl group of 2MPPO and the
phenyl ring of PS in the compatible blend (from the
analysis of the solvent-induced changes in n.m.r. chemical
shifts) is responsible. The above results seem to relate the
specific interaction between PS and PaMS in the com-
patible blend.



CONCLUSIONS

Several features are evident from this work, (1) the
interaction parameters y; , between PS and PaMS depend
both on temperature and concentration of the solvent .
The x7’,’s extrapolated to zero solvent concentration are
negative and decrease slightly with temperature increases
above 40°-60°C. (2) The temperature dependence of x,,
for the PaMS/n-BuCl system at temperature lower than
40°C is very large and complicated compared to y, 5 in the
PS/n-BuCl system. (3) Values of x, , slightly decrease with
increasing values of i, while y, , increases with increasing
values of y, (except at 35° and 60°C, at which tempera-
tures x,o’s are nearly constant with y,,.
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