Polymer Journal, Vol. 17, No. 10, pp 1123—1130 (1985)

Phase Equilibrium in the Binary System
Polyisoprene + Dioxane

Noriko TAKANO, Yoshiyuki EINAGA, and Hiroshi FUJITA

Department of Macromolecular Science, Osaka University,
Toyonaka, Osaka 560, Japan

(Received May 10, 1985)

ABSTRACT:

The Flory-Huggins interaction parameter y was formulated as a function of

concentration, temperature, and chain length (P) on the basis of light scattering data for two
monodisperse polyisoprene samples in dioxane in the region encompassing the 6 temperature. It
was found that when extrapolated to the immiscibility region, the resulting y predicts binodals,
spinodals, and critical points which agree almost perfectly with observed results. Another important
finding is that y depends distinctly on P even at high concentrations where chain overlapping takes

place.
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The Flory—Huggins interaction parameter y
still occupies the central seat in polymer ther-
modynamics.! Many expressions have been
proposed for it and tested against ex-
periment.? "¢ However, few of them have
achieved more than a limited success in quanti-
tative prediction of observed phase relation-
ships, even for quasibinary polymer solutions.

Recently, we have launched a series of in-
vestigations aiming at the formulation of y for
such solutions on the basis of experimental
information mainly from light scattering
measurements.”® Our spirit is essentially akin
to that of Scholte,”'® which led to a series of
important contributions, but we primarily
focus on the behavior of solutions below
the 0 temperature.

Thus, in a recent study’ dealing with a
binary system consisting of monodisperse (ac-
tually, very narrow-distribution) polystyrene
(PS) and cyclohexane (CH), we formulated an
empirical expression for the parameter Z,
which is related to y by

Z=y+(1/2)p(0x/0¢)r (M

as a function of polymer volume fraction ¢,
absolute temperature T, and polymer relative
chain length P from 6 down to the cloud point.
It reads

Z(T, ¢; P)=1Leone T: P)+(1/2)¢
+A(P)¢*/[1+ B(T; P)¢?]

+ 3T = 220ne( T3 P)IR(9; P)
2

with 3%, #%ne> 4, B, and R being determined
from light scattering data. It was shown that y
calculated from eq 1 and 2 gives almost quanti-
tative predictions of some typical data for
binodals, spinodals, and critical points, with
no parameter adjustment.

Having been encouraged by this success, we
undertook a similar study, this time choosing
polyisoprene (PIP)+dioxane as a test system,
to see whether eq 2 is applicable for binary
systems other than PS+ CH. The results ob-
tained are reported in the present paper.
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EXPERIMENTAL

Polyisoprene Samples

Dr. M. Fukuda of Toyo Soda Co. kindly
made two laboratory PIP samples P-5 and P-
13 disposable for our investigation. These
samples contained 1 wt% 2,6-di-z-butyl-p-
cresol as an antioxidant and were about 809
in cis content. When measured by light scat-
tering in cyclohexane at 25°C, the weight-
average molecular weight M, was 5.33 x 10*
for sample P-5 and 13.3 x 10* for sample P-
13. The polydispersity index M, /M, (M,
is the number-average molecular weight)
estimated by gel permeation chromatogra-
phy was less than 1.08 for both samples.
Therefore, all the experimental results ob-
tained in this work were analyzed assuming
that the two samples were monodisperse in
molecular weight.

Preparation of Solutions

A given PIP sample was dried under a
reduced pressure for more than four weeks.
Part of it to be used for light scattering
measurement was made dust free by filtering
its dilute dioxane solution with a Millipore film
and then by freeze drying. The solvent dioxane
was carefully distilled after having been re-
fluxed over sodium for more than one week.
To avoid the contamination with moisture,
test solutions, for either light scattering or
phase separation experiment, were prepared
by mixing known amounts of the polymer and
solvent in a dry bag filled with dry nitrogen.

The volume fraction ¢ of the polymer in a
given solution was computed by use of the
equation

¢=[1+(wo/ve)w ' = D] (©)

where w is the weight fraction of the polymer,
and v, and v, the specific volumes of the
solvent and polymer in the pure state, re-
spectively. The values of 1.0280 and
1.0951cm?® g=1,'' which refer to 25°C, were
used for v, and v, respectively, regardless of
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the temperature of the solution studied. Note
that ¢ defined by eq 3 is not the volume
fraction in the usual sense.

Light Scattering Measurements

Intensities of light scattered from PIP+
dioxane solutions were measured at scatter-
ing angles from 30 to 150°. The range of ¢
investigated was from 0.027 to 0.22 for sample
P-5 and from 0.018 to 0.21 for sample P-13.
The measuring temperature was varied at ap-
propriate intervals from 40 to 21°C for the
former and from 40 to 26°C for the latter. A
Fica 50 light scattering photometer was- used
with polarized incident light of 546 nm wavel-
ength. The data were analyzed by using the
relation’

K/AR, = —[1/(RT$))(0Awo/0¢)r  (4)

where

K=(4n’n’ N x4o*)(0n[0¢)* Vo (5

Here AR, is the excess Rayleigh ratio at zero
scattering angle, Ay, the excess chemical po-
tential of the solvent, R the gas constant, n
the refractive index of the solution, N, the
Avogadro constant, 4, the wavelength of in-
cident light in vacuum, and V, the molar
volume of the solvent.

Values of n for PIP +dioxane at 21, 25, 30,
and 40°C were measured by a Bausch-Lomb
precision refractometer in the range of w from
0 to 0.24. The results were used to evaluate the
w-basis refractive index increment dn/ow as a
function of w and T, and it was found that
On/0w was virtually independent of w and
varied linearly with T according to

Onjow=(660.5+1.33T)x 10~* 6)

With eq 3, dn/ow was converted to on/d¢ for
the calculation of K.

Determination of Cloud Points

Cloud point temperatures for a series of
PIP +dioxane solutions were measured in a
double thermostated water bath by monitoring
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the intensity of He—Ne laser light transmitted
through the solutions. The accuracy was
+0.01°C. The procedure used was the same as
that described elsewhere.!?

RESULTS AND DISCUSSION

Chemical potential

Plots of K/AR, (AR, is the excess Rayleigh
ratio at scattering angle 0) vs. sin?6/2 at each
fixed ¢ were fitted closely by a straight line and
accurately extrapolated to #=0. The values of
—(1/RT)(0Ap/0¢p)r obtained by substituting
the resulting K/AR, values into eq 4 are plotted
against ¢ in Figure 1 for sample P-5 and in
Figure 2 for sample P-13. At temperatures
above 37°C, —(1/RT) (0Au,/0¢)r increases
monotonically with increasing ¢, while at tem-
peratures below 32.5°C, it initially decreases,
passes through a minimum, and then mo-
notonically increases with increasing ¢. The
initial slope of each of the indicated curves
gives 2(V,/v,2)A4,, where A, is the second virial
coefficient of the system. In Figures 1 and 2,
this slope at 34°C is virtually zero, leading to
the conclusion that the 6 temperature for the
system PIP +dioxane is 34 +0.5°C.

The common ordinate intercept of the
smooth curves at different 7 in either Figure
1 or 2 agrees well with P! calculated by in-
serting the light-scattering M,, value deter-
mined in cyclohexane into the relation

P=(v,/Vo)M, (7

This finding indicates that the test dioxane
solutions of PIP were free from aggregation
down to temperatures close to the cloud point.
The P value obtained from the intercept was
681 for sample P-5 and 1700 for sample P-13.
These P values are used throughout the sub-
sequent data analysis and computations.

Formulation of Z

For strictly binary solutions the parameter
Z defined by eq 1 can be related to experimen-
tally measurable quantities ¢, P, and AR,/K
by*!

Z=(1/D[1/(1 - )+ 1/(P$)— K/AR] ®)

Figures 3 and 4 show Z vs. ¢ plots for
samples P-5 and P-13, respectively, obtained
by substituting the data of Figures 1 and 2
into eq 8 (note eq 4 for the term K/AR,).
Though there exist some subtle differences,
the overall features of these graphs are similar
to those for the system PS+CH below the 6
temperature.’

It is convenient for formulating Z to analyze
the experimental data in terms of Y defined by

1.0 —

-(1/RT)(3Ap,/ 3®) X102

Figure 1. Plots of —(1/RT) (0Apy/d¢) vs. ¢ for sample
P-5 in dioxane. The temperature is 40, 37, 34, 32.5, 31.5,
29, 27, 25, 23, and 21°C from top to bottom.

*1 For quasibinary solutions, eq 8 does not hold even if P is replaced by P,,, the weight-average chain length of the
polymer mixture (this replacement prevents Z from diverging to infinity at ¢=0). Thus, in our recent work,'* we have
redefined Z by eq 8 with P replaced by P,,. It can be shown that Z so defined is no longer related to x by eq 1 except for
strictly binary solutions, but becomes a complex function of y, dy/d¢;, and {¢;}, where {¢;} denotes the set of

composition variables.
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Figure 2. Plots of —(1/RT) (0Apg/0¢) vs. ¢ for sample
P-13 in dioxane. The temperature is 40, 37, 34, 32.5, 31.5,
29, 27, and 26°C from top to bottom.
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Figure 3. Concentration dependence of Z for sample
P-5 dioxane. The temperature is 21, 25, 29, 34, 37, and
40°C from top to bottom. Solid curves indicate the
calculated values.
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Figure 4. Concentration dependence of Z for sample
P-13 in dioxane. The temperature is 26, 29, 31.5, 34, 37,
and 40°C from top to bottom. Solid curves indicate the
calculated values.
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Figure 5. Plots of Y vs. ¢ for sample P-5. The tempera-
ture is 21, 23, 25, 27, 29, 31.5, 32.5, 34, 37, and 40°C from
top to bottom. Solid lines indicate the calculated values.

Y=Z—(1)2)¢ )]

Figures 5 and 6 depict Y vs. ¢ plots for the two
samples. It can be seen that these plots for
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Figure 6. Plots of Y vs. ¢ for sample P-13. The tem-
perature is 26, 27, 29, 31.5, 32.5, 34, 37, and 40°C from
top to bottom. Solid lines indicate the calculated values.
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Figure 7. Parameter y§5; plotted against 77! for sa-
mples P-5 (unfilled circles) and P-13 (filled circles). The
solid line shows the values calculated by eq 10.

either sample at different temperatures follow
nearly parallel curves which pass shallow
minima at about 0.1 of ¢.

In eq 2, R is a function approaching unity as
¢—0, so that Z at ¢=0 gives 13;,. Figure 7
shows x3; extrapolated from Figures 3 and 4
as a function of 1/7. Interestingly, the data
points for the two samples fall approximately
on a single curve, which can be represented by

$o:(T)=0.54+0.33(6/T—1)

+4.1(0/T—1)? (10)

Since 4, is related to x3; by
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Ay =Vo/vp)(1/2— xaw) (11)

this finding implies that 4, for the PIP+
dioxane system below and slightly above 6 is
essentially independent of molecular weight.
Recently, the same fact was found by Tong et
al'* for the PS+CH system below 0. No
available theories of polymer solutions are
capable of explaining these interesting find-
ings.

As in our previous paper’ it is assumed that
the behavior of Y for ¢ above the minimum
point is represented by the sum of the first and
third terms of eq 2. In other words, the last
term of eq 2, which is the strategy for for-
mulating the dilute solution behavior of Z, is
assumed to vanish in this concentration re-
gion. By a trial-and-error procedure the sum of
the first and third terms of eq 2 was fitted to
the data points for ¢ >0.1 in Figures 5 and 6,
and the following empirical expressions were
established for the parameters ¢° .., 4, and B:

2 (T, P)=0.5—0.19P~ 12 40.35(6/T—1)

(12)
A(P)=2P'P (13)
B(T; P)=8.73P"®—600(0/T—1) (14)

In eq 12, 13, and 14, the exponents to P were
chosen to be the same as those in the cor-
responding expressions for the PS+CH sys-
tem, since the present data, being limited to
only two P values, did not allow their unique
determination. Figure 8 illustrates that the
%2nc values determined by curve fitting can be
represented well by eq 12.

A very important conclusion from eq 12—
14 is that Z at high concentrations (¢ >0.1)
depends significantly on molecular weight.
Our recent study’ and an independent study of
Nies et al'> on the system PS+CH have
documented the finding of the same fact. Thus,
it seems necessary that the prevailing notion
that the thermodynamic behavior of polymer
solutions at high concentration is not affected
by molecular weight be altered at least in the
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Figure 8. Parameter y2.. plotted against T~'. Solid
lines represent the values calculated by eq 12.

temperature region below 6 or presumably in
poor solvents.

The function R in eq 2 was determined by
plotting (Y_ Yconc)/(Xgil_X(c)onc) againSt d)ﬂ
where Y. denotes the sum of the first and
third terms in eq 2, i.e., the concentrated
solution part of Y, and can be evaluated with
the aid of eq 12—14. It was found that the
resulting plots for either sample at different
temperatures are fitted approximately by a
single exponential function and that these
functions for the two samples are lumped by

R=exp(—K9) (15)
with

K=3.3pP\ (16)

With all the parameters in eq 2 evaluated as
above, we are able to compute Z and Y as
functions of 7, ¢, and P. The solid lines in
Figures 3—6 show the results of these com-
putations. Their fit to the plotted data points is
only moderate at low concentrations but quite
good at high concentrations.

Expression for y
Integration of eq 1, with the requirement
that y remains finite at ¢ =0, gives

1=Q2/$))[8Zp d¢ (17)
which, on substituting eq 2 with R given by eq

1128

28

T/°c

12 " 1 . L

Figure 9. Cloud point curves (Binodals) (unfilled cir-
cles) and Spinodals (filled circles) for PIP samples P-5
and P-13 in dioxane. Solid lines represent the predictions
from the present theory.

15, yields

AT, ¢; P)=1eaneT5 P)+(1/3)¢
+[A(P)/B(T; P){{¢*/2
—[1/B(T; P)]In[1+ B(T; P)$’]}
+xan(T) = Xeone(T: P)IQ(¢; P)

(18)
where
O(¢; P)=[2/(K¢)*|[1—(1+K¢)exp (—K¢)]
(19)

and 1%, 22.nes 4, B, and K are given by eq 10,
12, 13, 14, and 16, respectively.

Binodals (Cloud Point Curves) and Spinodals
Once the parameter y is established as a
function of T, ¢, and P, it is possible to
calculate by familiar procedures’ any phase
relationships such as binodal, spinodal, and
critical point. The solid lines in Figure 9

Polymer J., Vol. 17, No. 10, 1985
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illustrate the binodals and spinodals for sam-
ples P-5 and P-13, calculated with y given by
eq 18. It can be seen that they fit very closely
the experimental data plotted as unfilled
(cloud points) and filled (spinodal points) cir-
cles. Here, the spinodal data were obtained
from Figures 1 and 2 by extrapolating the
temperatures at which 0Auy/0¢ at given ¢
vanishes, i.e., AR, diverges to infinity.

The agreement between predicted and ob-
served results as seen in Figure 9 is distinctly
better than that obtained in our previous
work” on the PS+CH system. Anyway, we
note that the success owes much to the fact
that our formulation of Z and hence y has
taken the P dependence of the concentrated
solution behavior properly into account.

Critical Points

The solid lines in Figures 10 and 11 show the
calculated ¢, and T, ! plotted against P~/
and P~'?2, respectively, where ¢, and T, de-
note the critical concentration and tempera-
ture. The data point on the ordinate axis in
Figure 11 was obtained as the inverse 0 tem-
perature (6=34°C), and the other data points
in these graphs were determined from the
peaks of the smooth curves fitting the observed
cloud points shown in Figure 9. An almost
complete agreement is seen between the calcu-
lated and observed values for both ¢, and T,
as was the case in our previous work’ on the
system PS + CH.

The line in Figure 11 exhibits a weak up-
ward curvature in the region of 10°P~% <2,
This is contrasted to the corresponding line for
the system PS+ CH, which exhibits an oppo-
site curvature, though very weak, in the same
region of P~/ In either case, some significant
error would be committed if the linear part of
the 7,”' vs. P! plot at high P™'? were
extrapolated to P™'2=0 and the intercept
were used to determine 6. This gives a warning
to the conventional method for estimating 6
from critical temperature data. As is well
known,*® a linear relation holds between T, *
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Figure 10. Critical concentration ¢, plotted against

P~'3 for PIP in dioxane. The solid line shows the
theoretical prediction.
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Figure 11. Reciprocal critical temperature T ! plotted

against P! for PIP in dioxane. The solid line shows
the theoretical prediction.

and P2 (subject to the condition P'?3>1)
when y is constant. It is rather surprising that
this relation is essentially obeyed by the sys-
tems, treated in the present and previous
studies, where y depends significantly on T,
¢, and P.

Figure 10 indicates ¢, to vary almost lin-
early with P!, The same P dependence of
¢. was also experimentally found in our pre-
vious work’ on the system PS+CH. It dis-
tinctly differs from the linear dependence of ¢,
on P~ !2 predicted for binary systems with
concentration-independent y,'° suggesting that
the critical concentration for binary systems be
very sensitive to the concentration dependence
of x.
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CONCLUSIONS

The present study has shown that the pa-
rameter Z for the system PIP +dioxane can be
described by the same type of Z expression as
derived previously for the system PS+ CH. It
was found that when extrapolated to the im-
miscibility region the resulting expression for y
allows observed binodals, spinodals, and criti-
cal points to be predicted accurately. However,
since the parameters involved were determined
with only two samples of relatively low molec-
ular weight, it remains to see if y in its present
form can make similar predictions at higher
molecular weights.

The results from this work give additional
evidence to what is considered convincing at
the present stage; i.e.,

(1) There is a cross-over region of ¢ in which
the Flory—Huggins interaction parameter y for
a binary polymer solution changes its con-
centration dependence rather distinctly.

(2) Even at high concentrations, where the
polymer molecules overlap with one another,
y depends significantly on molecular weight.
It seems crucial for a quantitative theoretical
prediction of phase separation behavior that
these two features, among others, be properly
incorporated in the formulation of .
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