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whereas the curve profiles tend to retain the characteristics
of regime I over more of their length as the molecular
weight increases.

We see then that the presence of cilia nucleation as sug-
gested by Sanchez and DiMarzio is compatible with the re-
gime theory of Hoffman and Lauritzen, for the existence of
regimes may be due to the density of cilia per unit length of
growth strip being dependent on the molecular weight. The
rate at which the character of the growth changes from re-
gime I to regime II, and the undercooling at which this oc-
curs, appears to vary with molecular weight. However, a
test of this hypothesis for dilute solution crystallization will
require extension of the growth rate measurements to high-
er and lower undercoolings using well fractionated polymer
samples. Unfortunately, using present techniques, mean-
ingful growth rate measurements of polyethylene crystalli-
zation cannot be made outside of the range reported here.
The higher molecular weight fractions could be studied at
slightly smaller undercoolings, but any extension of the
range of study for the remaining samples would lead to a
marked loss in precision because of the very slow or very
rapid growth rates involved, rendering the results of but
little value.
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Thermally Induced Phase Separation Behavior of
Compatible Polymer Mixtures
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ABSTRACT: Thermally induced phase separation behavior of polystyrene—poly(vinyl methyl ether) mixtures has
been studied by light transmission, optical microscope, and pulsed nmr methods. It is found that the polymer pair
can phase separate by spinodal mechanism or by nucleation and growth depending upon composition and tempera-
ture. Direct proof of spinodal decomposition is provided by the nmr data which indicate a gradual change in the
composition of the new phases but little change in the volumes of precipitating phases during decomposition. In ad-
dition, using the nmr data it is possible to estimate the parameters governing the kinetics of spinodal decomposi-
tion. The coefficient of diffusion is found to be negative, indicating that phase separation has taken place by the
characteristic uphill diffusion. Large differences in light transmission and morphological behavior are noted during
the early stages of decomposition under the two mechanisms, Most noteworthy are residual turbidity found in the
sample which has apparently undergone spinodal decomposition, the high degree of interconnectivity in the spi-
nodal structure, and the rapid rate with which such a structure is formed. The residual turbidity reaches a maxi-
mum in the PS-PVME = 20:80 mixture. By contrast, samples which have undergone phase separation by nuclea-
tion and growth exhibit no residual turbidity; the precipitating phase domains are discrete and the formation of the
phase pattern is relatively slow.

In previous publications,? the compatibility and phase
separation behavior of solvent cast polystyrene (PS)—poly-
(vinyl methyl ether) (PVME) films were investigated over
a wide range of compositions and temperatures. The study
revealed among other things the existence of a cloud point
curve associated with a lower critical solution temperatu-
re.2b3 The result strongly suggests that there may be an
unstable region within the miscibility gap where phase sep-
aration could take place by spinodal mechanism rather
than by nucleation and growth.45 Although the spinodal

decomposition behavior has been investigated for a few
polymer-solvent®” and polymer—polymer? systems, knowl-
edge of such phenomenon is still rather limited, especially
in regard to the basic parameters which govern the spinod-
al decomposition process.

Earlier?2 it has been demonstrated that the volume frac-
tions as well as the composition of phases in the PS-PVME
system can be determined with relative ease by the pulsed
nmr technique. Since one of the important characteristics
which differentiates the spinodal mechanism from nuclea-
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Figure 1. Plot of the initiation temperatures (O) and apparent
completion temperatures (@) of phase separation for several PS
concentrations, ¢, of PS-PVME mixtures. The heating rate is
0.2°C/min.

tion and growth is the continuous change of composition of
phases during phase separation,? the nmr technique should
be quite suitable for determining not only the mechanism
by which the phase separates but also, in the case of spi-
nodal decomposition, the basic parameters governing such
a process. In this paper we report the thermally induced
phase separation behavior of PS-PVME mixtures as exam-
ined by nmr, light transmission, and optical microscope
methods, and attempt to determine the parameters charac-
terizing the kinetics of spinodal decomposition.

Experimental Section

Materials. A monodisperse PS with a nominal molecular weight
of 200,000 was obtained from the Pressure Chemical Co. The ratio
between the weight average and number average molecular
weights, My/M,, was 1.06. PVME, supplied by Cellomer Asso-
ciates, Inc., was purified by precipitating twice from benzene solu-
tion to an excess volume of methanol. The weight average molecu-
lar weight of the purified material, as determined from an intrinsic
viscosity of 0.51 in benzene, was 51,500. Films of PS and PVME
mixtures were cast from toluene solution as described in a previous
publication.Za

1. Measurements of Thermochromatic Properties. A sample
about 5 mm square was cut from the cast film and mounted ona 1
mm thick slide glass. Thin (0.2 mm) airtight spacers were placed
around the specimen and a 0.16 mm thick cover glass was applied
to protect the sample. The assembly was heated above the glass
transition temperature, T, of the polymer mixture, then carefully
pressed down to form a uniformly thick sample free of air space
between the glasses and the sample. The assembly was slowly
cooled down to relieve any stresses induced in the operation. To
measure the light transmission the sample assembly and the hot
stage were mounted on the microscope, and the sample was illumi-
nated with polarized light. With the optical analyzer set parallel to
the polarizer the intensity of transmitted light was monitored with
a photocell at the eyepiece position and recorded as an output
voltage on a recorder. During the experiment the sample tempera-
ture was regulated with a Mettler FP5 control unit and an FP52
hot stage. Calibration of hot stage temperature was accomplished
by means of the triple points of naphthalene (80.24 + 0.05°) and
adipic acid (151.46 + 0.05°) using the present sample geometry.

2. Microscopic Observation. A thin film of PS and PVME
mixture was cast from toluene solution onto the slide glass and
dried under vacuum above its T for at least 24 hr. A cover glass
was placed on top of the film and, upon heating to above T’y of the
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polymer mixture, the assembly was gently pressed to form a 5-um
thick film between the glasses, then allowed to cool slowly to room
temperature. To observe the phase separation behavior the assem-
bly was placed in a hot stage mounted on the microscope and heat-
ed at the rate of 10°C/min to about 5° below the phase separation
temperature of the polymer mixture. After holding at this temper-
ature for at least 5 min to ensure even temperature distribution in
the sample, the assembly was quickly brought up to the desired
temperature and maintained there while the phase change was ob-
served with a phase contrast lens. In some cases, samples were
quenched from the test temperature to —45° with an organic lig-
uid before they were examined with a high magnification lens at
room temperature.

3. Nmr Measurements, Details of pulsed nmr apparatus and
measurement procedure have been described elsewhere.22? The
isothermal phase transformation treatment of the sample was
made in a silicone oil bath controlled to within +0.1°. Prior to the
heat treatment the sample was vacuum sealed in a thin walled
(~0.5 mm) nmr tube and warmed up in the air immediately above
the oil bath to about 10° below the phase separation temperature
of the sample. After about 3 min at this temperature, the sealed
sample was quickly immersed in the oil bath for a desired length of
time, followed by rapid quenching in liquid nitrogen. While the
sample was still at liquid nitrogen temperature, it’s spin-lattice re-
laxation time T'; was measured by applying a 180°-7-90° pulse se-
quence. For thermal treatment of very short duration (20 sec),
samples were sandwiched between thin aluminum foils and im-
mersed in the oil bath. They were packed and vacuum sealed in an
nmr tube after quenching. In some cases, measurements were
made above room temperature up to 60° and the results did not
change appreciably during the test period. The data were analyzed
according to the procedure already described in a previous publi-
cation.? In calculating PVME per cent in the PS-rich phase in the
phase separated samples, the spin diffusion effect!®!! in each
phase and no coupling between the phases!? were assumed, which
seems to be valid in this system.22

Results

1. Thermochromatic Properties. Figure 1 shows the
composition dependence of the phase separation behavior
as the sample temperature was being raised. Reproducibili-
ty of the data was found to be within the bounds of experi-
mental error. The lower and upper curves indicate respec-
tively the initiation and completion of phase separation as
measured by the light transmission instruments; initiation
marks the temperature at which the transmitted light be-
gins to decrease in its intensity while completion denotes
the temperature when the light intensity levels off to a
minimum. The lowest phase separation temperature, Tpin,
is found at around ¢ =~ 0.2, where ¢ is the volume fraction
of PS (hereafter this composition will be referred to as
¢min). Concurrently the temperature gap between the initi-
ation and the completion appears to also be at its minimum
at ¢min. It was found, however, that the thermochromatic
property of the sample differed markedly depending on
whether its composition was near ¢, or far removed from
¢min. Typical examples are shown in Figures 2 and 3 for
65:35 (PS-PVME) and 20:80 mixtures. For the 65:35 sam-
ple (Figure 2) the transmitted light intensity, I, starts to
decrease at 120° on heating and keeps on decreasing gradu-
ally until it levels off at about 166°. Upon cooling, I exhib-
its normal hysteresis behavior by tracing the lower curve
until the film becomes transparent again.

For the 20:80 sample (Figure 3), on the other hand, I
shows a rapid change on heating but a gradual and steady
change on cooling, thereby causing the two curves to cross
one another. Moreover, during the cooling process the film
does not regain its transparency completely until it reaches
a lower temperature. This apparent irreversibility in phase
separation behavior can be studied in terms of residual tur-
bidity, g, defined as

T = (1/d) In (IO/IR) (1)

where d is the sample thickness and Iy and Ir are respec-
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Figure 2. Thermochromatic properties of the PS-PVME = 65:35
mixture.
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Figure 3. Thermochromatic properties of the PS-PVME .= 20:80
mixture.

the variation of I with time. Typical results for samples
light intensity after cooling. Figure 4 displays the residual
turbidity, 7R, as a function of the volume fraction, ¢, of PS
at several heating rates. Several features appear to be
worth noting, namely, all curves have a maximum at
around ¢, and the peak of the curve becomes sharper as
the rate of heating is increased. In addition, while these
maximum 7gR’s are much smaller than the maximum tur-
bidities attained at the completion of phase separation (250
to 300 cm™!), they are much larger than the so-called
bluish coloration and white opalescence?b3!3 of the film
which is about 1-2 em™! for the former and 20-30 cm™! for
the latter in our experiments.

These anomalies were further confirmed by repeatedly
changing the temperature of the sample slightly below and
above the phase separation temperature while monitoring
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Figure 4. Variations of apparent residual turbidity rg with PS
concentration, ¢, and rate of temperature change for PS-PVME
mixtures after cooling.
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Figure 5. Plot of light intensity, I, vs. time, ¢, on repeated heating
and cooling near the phase separation temperature of the PS-
PVME = 65:35 mixture.
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Figure 6. Plot of light intensity, I, vs. time, ¢, on repeated heating
and cooling near the phase separation temperature of the PS-
PVME = 20:80 mixture.

tively the initial light intensity before heating and residual
65:35 (PS-PVME) and 20:80 are shown in Figures 5 and 6,
respectively. In Figure 5, with the sample temperature os-
cillating between 115 and 140° (lower figure) the time de-
pendence of I is almost reproducible in each subsequent
cycle and at the lower temperature the sample quickly re-
covers its transparency. On the other hand, the recovery is
clearly slower and poorer for sample 20:80 as shown in Fig-
ure 6.
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Figure 7. Several compositions (¢) and temperatures where phase
separation by what appears to be spinodal mechanism (0O) and nu-
cleation and growth mechanism (®) are observed under a micro-
scope. The dotted curve represents the line of demarcation of the
two morphologies.

PS/PVME = 5/95
Decomposed at 115°C
(c¢) 3,800 sec.

(a) 70 sec. (b) 600 sec.

PS/PVME = 20/80
Decomposed at 105°C
(f) 3,800 sec.

(d) 300 sec. (e) 1,800 sec.

i)
Yoy

&)

i
o

A f\t.?-@i:

Figure 8. Time study of the phase separation behavior after the
sample has been heated rapidly to and maintained at high temper-
atures (open circle condition in Figure 7). White bar in the figure
corresponds to 10 um. Phase patterns at dlfferent stages of decom-
position are shown.

2. Microscopy. The circles in Figure 7 indicate the tem-
peratures and compositions at which the polymer mixtures
were examined under a phase contrast microscope. In gen-
eral, the morphology which evolved during the phase sepa-
ration looked rather uniform throughout the sample except
near the edges where the thickness changed abruptly. On
the basis of morphological observation, the phase separa-
tion behavior of the polymer mixtures may be divided into
two categories whose features are as described below.

Macromolecules

PS/PVME = 65/35
Decomposed at 140°C for 10,700 sec.

Figure 9. Phase separation by what appears to be nucleation and
growth mechanism for the PS-PVME = 65:35 mixture. White bar
in the figure corresponds to 10 pm.

PS/PVME = 50/50

(c) Decomposed at 140°C

(a) Decomposed at 120°C
3800 sec 80 sec

(b) Decomposed at 130°C
220 sec

Figure 10. Initial phase separation pattern for PS-PVME = 50:50
decomposed at different temperatures. White bar in the figure cor-
responds to 10 pm.

Samples prepared according to conditions represented
by open circles in Figure 7 follow. (i) The phase separation
proceeded rapidly and the precipitated phases appeared to
be interconnected with each other. (ii) Although the phase
pattern did not show certain order, the dimension or spac-
ing of the pattern was almost uniform. (iii) The phase pat-
tern tended to be finer at higher decomposition tempera-
ture. (iv) At the later stage of phase separation the phase
domains seemed to grow in size while maintaining their in-
terconnectivity and developed into a reticular structure
which eventually either broke up into small spheres or
merged into macrospheres.

Samples prepared under conditions represented by filled
circles in Figure 7 follow. (v) The phase separation pro-
ceeded rather slowly and the precipitated phase appeared
in the form of spheres. (vi) These spheres were usually very
small compared with the average spacings of phase pat-
terns observed under conditions marked by open circles.

Several examples are given in Figures 8-10. The photo-
micrographs in Figure 8 show the time sequence morpholo-
gies of samples which had undergone isothermal phase
transformation according to the open circle conditions. Fig-
ures 8a and 8d correspond to the initial stages of phase sep-
aration as described in (i) and (ii). After 10 to 30 min of
aging, these patterns gradually give way to reticular struc-
tures, Figure 8b and Figure 8e, which finally break up into
small spheres (Figure 8c) or merge inté macrospheres (Fig-
ure 8f) as explained in (iv).

Figure 9 shows the phase separation behavior under the
filled circle conditions, detail of which has been given in (v)
and (vi).

If the composition was not far removed from ¢, one
could observe both types of phase separation in the same
sample as the annealing temperature was changed. An ex-
ample is given in Figure 10 which displays the initial de-
composition patterns of sample 50:50 aged at several tem-
peratures. At 120° the phase transformation is suitably
characterized by (v) and (vi) whereas at 130 and 140° the
behavior changes to the other types depicted by (i) and (ii).
In the latter cases (130 and 140°) the domain size decreases
with temperature in accordance with (iii).
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In addition to the morphological changes at various stag-
es of phase separation the interconnectivity of phases at
the initial stages of decomposition was examined by focus-
ing the microscope at different points across the sample
thickness. It was found that for samples obtained under
open circle conditions, such as those shown in Figures 8d or
10b and 10c, the bright and dark domains tended to alter-
nate their complexions in a slow and continuous manner as
the focal point was varied, indicating a high degree of con-
nectivity among domains of each phase. For samples pre-
pared under filled circle conditions, such as those in Fig-
ures 9 or 10a, the color changes of the domains tended to be
abrupt and discrete suggesting very little interconnectivity
of the two phases.

3. Nmr Measurements. Figure 11 shows the spin-lattice
relaxation times, T'1, of sample 50:50 prepared in the man-
ner described earlier. The samples were isothermally an-
nealed at 130° (which corresponds to open circle conditions
in Figure 7) for periods ranging from 20 sec to 32 min, and
the nmr data were measured at 50°. In the figure, the signal
intensity S immediately following the 90° pulse is plotted
against the pulse interval v between 180 and 90° pulses.
For the sake of clarity, all data from the same annealing
time have been shifted along the 7 axis by the same
amount. The results clearly show two T';’s; the long T; be-
comes longer while the short Ty becomes shorter as the an-
nealing time is increased. Table I summarizes both the long
and the short T';’s as well as the long Ty component (in per
cent) for each annealing time. As indicated in the table, the
accuracy of two T’s increases with decomposition time
since the ratio of two T4’s increases with decomposition
time from about 2.5 to 6. The confidence limits for extract-
ing the two 7T'1’s are almost in keeping with those reported
in the literature.!4:15

Since T;’s for pure PVME and PS are respectively 66
and 1400 msec at 50°,%8 the shifting of the measured T';’s
toward these two values clearly suggests a gradual change
of PVME or PS concentration in each phase during the de-
composition process. On the other hand, it will be noted
that the long T; component remains nearly constant at
35% irrespective of the annealing time.

Discussion

From chromatic measurements of phase separation on
heating, Figure 1, it is seen that the minimum tempera-
tures for both initiation and completion occur at the PS
concentration of about 0.2, i.e., ¢min = 0.2. This ¢min should
coincide with the critical composition, ¢erit, although a
slight difference may exist between the two because of the
molecular weight distributions of the polymer compo-
nents.!6:17 At ¢, the spinodal and binodal curves converge
but the temperature gap between them increases rapidly as
the concentration deviates from ¢.;;. In the region bound-
ed by binodal and spinodal curves, where the phase is met-
astable, decomposition is known to be governed by nuclea-
tion and growth whereas within the spinodal, where the
phase is unstable, precipitation is dictated by spinodal de-
composition, 45

The spinodal decomposition phenomenon has been stud-
ied in great detail by Cahn* and Hilliard.5> According to
Cahn, a partially miscible binary system can decompose
spontaneously into two phases by uphill diffusion when it
is suddenly brought from a single homogeneous phase into
an unstable region. The uphill transport phenomenon can
be described by including in the diffusion equation higher
order terms which reflect the thermodynamic contributions
of gradient energy terms. For the initial stages of decompo-
sition, Cahn’s formulation reduces to a linear equation
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Figure 11. Spin-lattice relaxation measurements at 50° for PS-
PVME = 50:50 decomposed at 130° for various lengths of time.
The signal intensity, S, just after the 90° pulse is plotted against
pulse interval 7 between 180 and 90° pulse. For clarity each read-
ing at a given decomposition time is shifted horizontally by 100
msec.

which contains an energy gradient term (fourth order spa-
tial derivatives of composition) in addition to the usual
Fickian term (second derivatives). On the basis of this
equation Cahn predicted several characteristics associated
with the early stages of spinodal decomposition which can
be summarized as follows.

First, because of the gradient energy term, it tends to se-
lectively promote the continuous but rapid growth of sinus-
oidal composition modulation of a certain wavelength, Ay,
One should therefore observe a separation behavior in
which the composition of phases changes continuously with
time while the spacing of the phase pattern remains nearly
constant, at least in the early stages of decomposition.

Second, the diffusion coefficient must be negative (uphill
diffusion).

Third, for isotropic materials the waves have random ori-
entations and phase angles so that the spinodal structure
should be almost uniform yet random and interconnected.
Connectivity of phases is an important morphological fea-
ture of spinodal which should be observed when the volume
fraction of one phase exceeds about 15%. However, it has
been pointed out that the presence of such a morphological
feature alone is not a proof that phase separation occurred
by spinodal mechanism.%518 If on the other hand one can
detect either of the first two characteristics in the phase
separation, then the spinodal mechanism must have oc-
curred.? In the above discussion we have not included the
contribution of coherent strain energy because it is deemed
insignificant in an amorphous polymer above the glass tem-
perature.

The difference between this mechanism and nucleation
and growth is therefore quite apparent. In nucleation and
growth the new phase starts from nuclei which then pro-
ceed to grow in extent. The molecules that feed the new
phases follow the ordinary transport phenomenon by
downhill diffusion (positive coefficient of diffusion). The
structure is clearly two phase and the composition of the
precipitating phases is invariant at any time.

From the above description of the two decomposition
mechanisms, it is clear that the pulsed nmr technique pro-
vides a powerful and convenient tool for detecting spinodal
decomposition. As seen in Figure 11 and Table I where the
pulsed nmr data are given for the 50:50 mixture annealed
at 130° for various lengths of time, the volume fraction of
the PS-rich phase as indicated by the long T; component
remains nearly constant at 35% while the composition in
each phase as indicated by the two 7;’s changes contin-
uously with the decomposition time. The results are there-
fore clear proof that the sample did undergo phase separa-
tion by spinodal mechanism. In addition, as will be shown
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Table [
Spin-Lattice Relaxation Time, 77 Analysis at 50°
for PS-PVME = 50:50 Compatible Polymer Mixtures
Decomposed at 130° for Various Lengths of Time

T,

Decompo- Long T; PVME % in
sition Long Ty, Short 7y, compo- PS-rich
time msec msec nent, % phase

Original 195
20 sec 390 + 30 115 £ 15 40 £ 8 29515
40 sec 375 =20 130 £ 10 356 30 1
1 min 420 £20 12010 37 zx6 28 +1
2 min 41010 115zx5 39+4 275:05
4 min 530 £ 10 112 <5 38+4 235 :0.5
8 min 610 = 15 120 £ 5 31 +4 215 0.5
32 min 680 = 15 115 + 5 33+4 195 =:0.5

later, the coefficient of diffusion in the early stages of
phase separation is negative. Thus it is not surprising that
the sample morphology shows a high degree of interconnec-
tivity of phases and uniformity of texture at early stages of
decomposition, Figure 10b.

Since all samples treated under open circle conditions
(Figure 7) exhibited similar morphological features as the
50:50 sample heat treated at 130° (see Figures 8, 10b, and
10c), it may be inferred that spinodal mechanism toock
place while the samples underwent these isothermal aging
treatments. If one accepts this to be the case then the char-
acteristic thermochromatic behavior displayed by sample
PS-PVME = 20:80 during the thermal cycling, Figures 3, 4,
and 6, would appear to be a significant manifestation of the
spinodal mechanism. The precise reason for this unusual
behavior cannot be given although it is apparently related
to the formation and disappearance of the interconnected
phase pattern (cf. Figure 10b).

If the phase separation under the open circle conditions
is due to spinodal mechanism, it would be reasonable to as-
cribe the decomposition phenomenon under the filled circle
conditions to nucleation and growth. This view is support-
ed by the morphological observations, Figures 9 and 10a,
and by the fact that the thermochromatic results, Figures 2
and 5, differ radically from those obtained under open cir-
cle conditions. Moreover, as may be seen in Figure 7, all the
filled circles are located near the phase separation curve
but away from ¢émin. This region is likely to be within the
metastable gap where decomposition by nucleation and
growth is favored. It follows from these considerations that
the so-called spinodal which separates the metastable re-
gion from the unstable region should fall somewhere be-
tween the regions dotted with open and filled circles. As ex-
pected this spinodal line approaches the phase separation
curve near ¢min.

As in the case of spinodal decomposition, it should in
principle be possible to detect nucleation and growth by
pulsed nmr measurements. However, because of the prox-
imity of filled circles with the phase separation curve (cf.
Figure 7), there was some difficulty in detecting the change
in the spin-lattice relaxation time of the minor phase. Nev-
ertheless, this technique should be useful in systems which
show a large metastable gap in its phase diagram.

We will now attempt to determine or estimate at least
the orders of magnitudes of the parameters which describe
the kinetics of initial stages of spinodal decomposition. Ac-
cording to the theory developed by Cahn# for the one di-
mensional problem, the composition change during the ini-
tial stages of phase separation can be described by
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c-cy = ;‘,BA(B)eR‘B” cos fx (2)

where ¢ is the composition and ¢, the average composition
before phase separation, 3 is the wave number of the sinus-
oidal composition modulation; ¢ and x are respectively
time and space variables, and R(8) is given by

R(8) = -D [1 + %f—f;s?] 2 (3)

Here D is the coefficient of diffusion, K is the gradient-
energy coefficient, and f” is the second derivative of the
Gibbs free energy with respect to composition c.

If the parameters in eq 3 are such that R(38) is negative,
then, from eq 2, the composition modulation will decay
with time. On the other hand, positive R(8) will result in
rapid growth of the amplitude. R(B) is therefore the major
controlling factor of the spinodal mechanism. The value of
8 at which R(3) becomes zero is defined as the critical wave
number, 8., and is given by

B, = (=F"/2K)/? 4)

In other words, initial composition fluctuations with wave
numbers greater than 8. will decay while those with wave
numbers less than 3. will grow during the spinodal instabil-
ity.

In terms of 3¢, eq 3 can be rewritten as

~ 2
R(8) = -D [1 - Bﬁf}@ (5)
o]

Since R(3) has a sharp maximum at 8y, = 8./2'/2, the initial
composition fluctuation with this wave number 8, will
have the maximum growth rate. Consequently the kinetics
of the spinodal mechanism is dominated by the growth of
this particular composition modulation and eq 2 can be ap-
proximated by the following expression

c ~ ¢y = A(By)eR®mt cos B x (6)
with
R@B,) = -%8.D (1)

We will first compute the coefficient of diffusion D from
eq 6 and 7 using the morphological and nmr data. For this
purpose, the composition ¢ will be identified with the con-
centration of PVME in the PS-rich phase. From eq 6 the
total reduction § of PVME in the PS-rich phase during the
decomposition is approximately equal to

Q = Uf%ﬁ {c — ¢p) dx :|3 = [%A(Bm):lge”mm”
= m
2

B
Q=3 [2AG)] + RE) @
m

Thus a plot of In @ against ¢ should yield a straight line
with a slope equal to 3R (8,,). In Figure 12 the quantity ln
obtained from nmr measurements (last column of Table I)
is plotted against the decomposition time. Despite a slight
scatter, the curve clearly shows a positive slope or a posi-
tive R(8m) which is evidence that spinodal reaction took
place in the sample. The increasing trend of In § is ap-
proximately linear up to about 4 min beyond which it tends
to level off sharply. If one draws a straight line through the
points lying between 0 and 4 min, a slope of 1.15 X 1073
sec” 1 is obtained. This yields a R(By,) of

R(8,) = 3.82 x 10 sec™! ©)

The value of 3., can be estimated from the morphological

so that
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Figure 12, Logarithm of total change of PVME concentration in
PS-rich phase vs. decomposition time. Data based on the results
listed in the last column of Table 1.

pattern shown in Figure 10b assuming that the average
spacing (~0.6 um) corresponds to the half-wavelength of
the fastest growing wave (,,. Thus

By = 27/Ay = 5.24 X 10* cm™ (10)

Using the values of ﬁ(ﬁm) and 3m in eq 9 and 10, the
coefficient of diffusion D is found to be

D= —2—%@5“-)- = —2.8 x 10" cm?/sec  (11)

Although the above value of D may only be approximate,
the negativeness of D is beyond question. This is again a
positive proof of spinodal decomposition in the 50:50 mix-
ture at 130°.

To compute the value of K which appears in eq 3 and
hence in eq 2, we resort to a relation obtained by van Aart-
sen®

K/B = 1'/6 (12)

where [ is the Debye range of molecular interaction!® and B
is a constant which enters an expression for the interaction
parameter x via eq 13. Here A is another constant, RT has

x = A— (BV,/RT) (13)

the usual meaning, and V; is the molar volume of polymer
mer 1 which is identified with PVME. It is therefore neces-
sary to estimate both [ and B before K can be computed.

In the previous study on the compatibility of the PS-
PVME = 55:45 mixture,?2 x is —0.69 at 30° and —0.6 at
50°. If x for the 50:50 mixture is assumed to have the same
values at these two temperatures, then the two unknowns
A and B can be found from the simultaneous equations ob-
tained by substituting the two sets of numbers into eq 13.

A = 0.76 (14)
B = 15.8 cal/{cm? of PVME) (15)

It is reasonable to believe that A and B do not remain in-
variant with temperature. In fact, if both are temperature
independent, the parameter x at the phase separation tem-
perature (~100°) would be —0.42, a value apparently too
low. It is generally accepted that as the lower critical solu-
tion temperature is approached from the low-temperature
side, the major cause of incompatibility is the decreasing
contribution of the entropy of mixing. It is likely that A
changes more rapidly than B near the cloud point. There-
fore, we assume that B retains the same value 15.8 cal/cm?
at the phase separation temperature; the corresponding
value of A is 1.18 so that x approaches zero at that temper-
ature. If we assume A is constant, then B is 10.2 cal/(cm? of
PVME). In any case, the order of B is not affected so much
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and only experiments can give the necessary data, which
may be very difficult at this temperature range.

The range of molecular interaction [ can be evaluated
from a variant of another relation derived by van Aartsen®

A, = 27 [3 (—TT— - 1”'1/2 (16)

where T is the spinodal temperature.

The expression differs from the one given by van Aart-
sen® in the term ((T/T) — 1) because the miscibility gap
here is associated with a lower critical solution tempera-
ture. Now from the morphological patterns shown in Fig-
ures 10b and 10c, the wavelength A, of the dominant com-
position modulation is found to be about 1.2 um at 130°
and 0.9 um at 140°.

By substituting these two sets of numbers separately
into eq 16 and solving the resultant simultaneous equations
for [ and T one finds

I =580A
T, = 391°K (118°)

Although the computed T is slightly lower than 120° at
which temperature the 50:50 mixture was found to phase
separate by nucleation and growth, this is not surprising
since as T is approached from the unstable region the spi-
nodal mechanism will slow down and vanish whereas the
rate of nucleation and growth does not become zero there.
Consequently one finds nucleation and growth rather than
spinodal mechanism at T's.

The magnitude of [ can be checked independently by
noting that it should be in the order of root-mean-square
radius of gyration,!? {s2)1/2

2\1/2
(9112 = %(CQb ) Mt/ (18)
el

(17)

where o, C., b, Mo, and M are respectively the expansion
factor, characteristic ratio, bond length, average molecular
weight per backbone bond, and polymer molecular
weight.20 For PS, C.. = 10,b = 1.53 4, My = 29, and M = 2
X 10% so that from eq 18, (s2)1/2 = 125« A. There are no
data for o« of the PS-PVME compatible mixture. But «
should be in the range of 1.5-2.0.2! The magnitudes of
(s2)1/2 and [ are therefore comparable.

Consequently with the help of eq 12, 15, and 17, K is
found to be

K = 8.9 x 107 (cal cm?)/(cm® of PVME)

= 3.7 X 107 (erg cm?)/(cm® of PVME)

Once K is known, f” can be estimated from eq 4 by not-
ing that 8. = 2V/28,, thus

fll — _4K5m2
= —0.97 cal/(cm® of PVYME) (20)
—4.1 x 10" erg/(cm® of PVME)

We have now obtained an estimate of all parameters
which describe the kinetics of spinodal decomposition. To
our knowledge, our effort in computing all the kinetic pa-
rameters in spinodal decomposition represents the first at-
tempt of its kind in the study of polymer mixtures. Wheth-
er these values have the right magnitude cannot be ascer-
tained at this time but on the basis of experimental results
(cf. Table I) they appear to have at least the correct sign. In
this connection, it is of interest to note that typical orders
of magnitude of these parameters in metallic systems are®
D ~ —10718 em?/sec, K ~ 1075 erg/cm (atomic fraction)~2,
and f’ ~ —10710 erg/cm? (atomic fraction)~2.

(19)
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Conclusion

The PS-PVME system is found to phase separate by
spinodal mechanism or by nucleation and growth depend-
ing on composition and temperature. The spinodal decom-
position is confirmed by pulsed nmr data of a 50:50 mixture
isothermally annealed at 130°, which shows a continuous
change in composition of new phases while the volume of
the new phases remains constant during phase separation.
Further evidence of spinodal mechanism is found in the ne-
gativeness of the diffusion coefficient and in the intercon-
nected morphological pattern of the sample. ‘

Large differences in light transmission and morphologi-
cal behavior are noted during the early stages of decompo-
sition under the two mechanisms. Samples which decom-
pose by nucleation and growth during a heating cycle show
a normal hysteresis in their thermochromatic properties
with no residual turbidity, whereas samples decomposed by
spinodal reaction exhibit unusual thermochromatic behav-
ior with some turbidity remaining at the end of the heating
cycle. The residual turbidity depends upon composition
and reaches its maximum at the PS concentration of 0.2.
Reasons for this anomalous behavior are not clear but it is
probably related to the formation and disappearance of the
interconnected phase pattern. Further study on this
subject may be warranted.

The morphological features for the two mechanisms are
different not only in their overall patterns but also in the
rate with which these patterns are developed. In the spi-
nodal decomposition, the formation of the interconnected
pattern is rapid and the texture is uniform and becomes
finer with an increase of the annealing temperature. In nu-
cleation and growth, on the other hand, the domains of pre-
cipitating phases are discrete and their formation is rela-
tively slow.

Finally the basic parameters governing the kinetics of
spinodal decomposition are estimated using the nmr data
obtained for a 50:50 mixture heat treated at 130°. The re-
sults together with other thermodynamic constants for the
mixture are summarized below.

D~ -2.8 X 107 cm?/sec
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K =~ 3.7 X 107 (erg em?)/(cm?® of PVME)
F'* ~ —4,1 x 10" erg/(cm® of PVME)
T, ~ 118°
I ~ 580 A
A~ 1,18
B ~ 15.8 cal/{cm® of PVME)
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