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Phase separation dynamics of polycarbonate/polymethyl methacrylate
blends. I. Temperature jumps into an immiscibility loop

Dong-Soo Lim and Thein Kyu®

Center for Polymer Engineering, University of Akron, Akron, Ohio 44325
(Received 14 August 1989; accepted 7 December 1989)

Time-resolved light scattering was employed to elucidate the dynamics of phase separation in
mixtures of polycarbonate (PC) and polymethyl methacrylate (PMMA ). Blends of PC and
PMMA of moderately low molecular weight reveal the coexistence of an upper critical solution
temperature (UCST) and a lower critical solution temperature (LCST), forming an
immiscibility loop. Temperature jump (7 jump) experiments were conducted on the 40/60
PC/PMMA composition from a single phase (150 °C) to a two-phase immiscibility loop
region (180 and 190 °C). Phase separation takes place through spinodal decomposition (SD).
The early stage of SD is explicable in terms of the linearized Cahn—Hilliard theory. The late
stage of SD follows the power law relationship with the exponents of — 1/3 and 1 as predicted
by the cluster theory of Binder and Stauffer. The universal curve with reduced variables Q,,
and 7 was established. The late stage data were analyzed in accordance with the recent scaling
law of Furukawa. The temporal phase decomposition appears to be self-similar. The shape of
the structure function can be scaled with slopes of 2 and — 6 for ¢ <g¢,, and ¢> ¢,, regions,

respectively.

INTRODUCTION

It has been generally known that most metal alloys, low
molecular weight oligomer and solution mixtures reveal an
upper critical solution temperature (UCST)."' On the con-
trary, most high molecular weight polymer blends exhibit an
inverted phase diagram known as a lower critical solution
temperature (LCST).? This contrasting behavior has been
attributed to the small entropy of mixing of long chain
molecules. Intuitatively, if one selects an appropriate poly-
mer pair with intermediate molecular weight, both UCST
and LCST might appear in the phase diagram. This idea
has led to the miscibility studies of polycarbonate (PC)
and polymethyl methacrylate (PMMA.) of moderately low
molecular weight.® Another interesting feature with this
PC/PMMA mixture is the very small interaction parameter
x which would undoubtedly play an important role for ob-
serving both LCST and UCST. That is to say, if y has a large
positive value, the mixtures will be completely immiscible.
On the other hand, if y has a large negative value, the system
may be miscible or may occasionally show an LCST behav-
ior. When Y is close to zero or slightly positive, the coexis-
tence of LCST and UCST might occur, as predicted in the
equation of state theory by MacMaster.*

Recently, we observed an immiscibility loop phase dia-
gram in the PC/PMMA mixture, in that the UCST is lo-
cated above the LCST curve.’ A similar phase diagram has
been reported for poly(ethylene glycol)/water mixtures®
and also for aqueous poly(vinyl alcohol-co-vinyl acetate)
solution.” The immiscibility loop has been predicted for
polymer blends in the lattice fluid theory of Sanchez and co-
workers.®® However, no experimental evidence has ever
been found for polymer mixtures until recently. Our pre-

*> To whom correspondence should be addressed.
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vious work may be the first experimental evidence to identify
the immiscibility loop in homopolymer blends.®

In this paper, we focus our attention on the dynamic
aspects of phase segregation at the composition of 40/60
PC/PMMA. Several T jump experiments were conducted
from a single phase (150°C) to a two-phase (180 and
190 °C) immiscibility loop region. The results were analyzed
in the context of linear'®! and nonlinear theories.'*"”

EXPERIMENTAL

Reagent grades of bisphenol-4 polycarbonate (M,
~64 000 and M, /M, ~2.1) and polymethyl methacrylate
(M, ~30000and M,, /M, ~2.4) were purchased from the
Scientific Polymer Product Co. and Aldrich Chemical Co.,
respectively. The polymers were dissolved in a mutual sol-
vent (tetrahydrofuran) at a polymer concentration of 2
wt %. Thin films (5-10 #m) were cast on glass slides at low
temperatures of approximately 5 °C. The films were dried in
a vacuum oven at 70 °C for at least 72 h and kept in a desicca-
tor prior to use.

Time-resolved light scattering was employed to follow
the dynamics of phase separation. The scattering setup con-
sists of a 2 mW He-Ne laser light source with a wavelength
of 632.8 nm. The scattering profile was monitored by a two-
dimensional Vidicon camera interlinked with an Optical
Multichannel Analyzer (OMA III, EG & G Princeton Ap-
plied Research Co.). The post data treatment was underta-
ken on an off-line microcomputer (IBM-PC). The detailed
descriptions of the light scattering setup and the heating cell
were reported elsewhere.'® T jumps experiments were car-
ried out using a set of heating cells; one was controlled at the
experimental temperatures (180 and 190 °C), while the oth-
er was used for preheating, typically at 150 °C for about a
minute.

© 1990 American Institute of Physics
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RESULTS AND DISCUSSION

In a previous paper,” we have demonstrated the im-
miscibility loop in moderately low molecular weight
PC/PMMA blends. Figure 1 shows such a cloud point phase
diagram of PC/PMMA blends obtained by annealing the
mixtures for 2 h at each temperature (1 °C interval). Both
UCST and LCST curves were located at appreciably lower
temperatures than those obtained previously at a heating
rate of 0.5 °C/min.® Because of a strong heating rate depen-
dence of the cloud point temperatures (Fig. 2), it is very
difficult to establish a true equilibrium phase diagram from
such nonisothermal experiments. However, the observed
cloud point temperature (156 °C) for 40/60 PC/PMMA, as
will be explained in a succeeding paper,'® is very close to the
spinodal temperature obtained from isothermal T jump
studies. In view of the lengthy procedure in the T jump ex-
periments, the determination of spinodal temperatures for
all blend compositions is no longer practical and therefore
the true phase diagram was not established. In the case of
PC/isotatic PMMA with comparable molecular weights,
the blend exhibits an LCST and is reversible in character;
hence, the establishment of a true phase diagram is relatively
straight forward.”® There is no doubt that PC/PMMA is a
miscible pair, but it exhibits a variety of phase diagrams
which makes the present study interesting.

Thermogravimetric analysis (TGA) studies show that
the blends are thermally stable up to about 250 °C. The speci-
mens after heating and cooling from 220 °C are completely
transparent without any change in color or polymer degra-
dation. As demonstrated previously, the phase separated do-
mains in the two-phase region are interconnected which are
familiar characteristics of spinodal decomposition.

Early stage of spinodal decomposition

We first carried out temperature jump experiments
from a single phase (150 °C) to a two-phase region of 180
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FIG. 1. A cloud point phase diagram of PC/PMMA blends obtained by
annealing for 2 h at each temperature (1 °C interval).
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FIG. 2. The heating rate dependence of cloud point temperature for 40/60
PC/PMMA. The points on the temperature axis represent the cloud points
obtained by 2 h annealing.

and 190 °C using time-resolved light scattering. Figure 3
shows a typical time evolution of scattering curves following
a T jump to 190 °C. The scattered intensity increases very
gradually at the beginning without revealing a scattering
maximum. Then, a scattering peak appears at a large scatter-
ing wave number and remains stationary for a considerable
period (about 90 min). Subsequently, the peak position
moves to lower scattering wave numbers while the intensity
increases immensely. The behavior of peak invariance is one
of the features predicted in the linearized theory of Cahn-
Hilliard '’ in which the scattered intensity has been predicted
to increase exponentially as follow:

I(g,t) = I(g,t = 0)exp{2R(g) ¢} (1)
where ¢ is the phase separation time and g is a scattering wave
number which is equal to (47/4) sin 8 /2 with A and @being
the wavelength of incident light and a scattering angle mea-
sured in the medium. R(q) is an amplification factor repre-

senting the growth rate of composition fluctuations which
may be further expressed as

- (2 2
=D, {1 — ¢/24,, (0)2, (2)

where M is an Onsager-type mobility, £ is the local free
energy density, c is the concentration, and « is the cofficient
of concentration gradient. D,,, is the apparent diffusitivity
and g,, (0) is the wave number, where R(q) is maximum at
t = 0, which may be further expressed as

and

2
(0 =g/2 = — (% )/4x, )
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(b)

FIG. 3. Time evolution of scattering
curves of the 40/60 PC/PMMA
blend, following a T jump from a sin-
gle phase (150 °C) to a two-phase im-
miscibility loop region (190 °C).
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where g, is the crossover wave number at which R(g) be-
comes zero. The difficiency of Cahn—-Hilliard theory was
first pointed out by Cook'"' who proposed a structure factor
S(q,t) by incorporating the contribution from thermal fluc-
tuations of a single phase, viz.,

S(q,1) — S,(q) = [S(g,t =0) — S.(q) |exp{2R(g) 2}, (5)

where S, (¢) is a virtual structure factor, i.e., an extrapolated
structure factor into the two-phase region assuming analyti-
cal continuity in the mean-field approximation. The signifi-
cance of this structure factor has been thoroughly discussed
by Binder?' and Han ef a/.”>** In the present case, the tem-
perature jump is considerably large that the contribution
from thermal fluctuations to the scattering may be negligibly
small, thus Eq. (1) may be operative. In practice, the mea-
sured intensity needs to be corrected for parasitic scattering,
dark current, and thermal fluctuations. These contributions
were lumped together into background scattering which can
be measured at the onset of phase separation. To obtain the
true intensity, the background scattering was substracted
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FIG. 4. The variation of logarithmic scattered intensity as a function of
phase separation time for the 40/60 PC/PMMA at various wave numbers.

from the experimentally observed intensity.

The corrected scattered intensity, 1(q,t) ~S(q,t), was
plotted in semilogarithmic form against phase separation
time in Fig. 4 for various scattering wave numbers. In con-
formity with the prediction of the linearized theory, thereisa
considerable period where log 7 varies linearly with 7. How-
ever, at a later time, the intensity deviates from the linear
slope and levels off. The amplification factor, R(q), was de-
termined from the linear slope. The value of R(g)/4* was
plotted against ¢* in Fig. 5 to test the validity of the linearized
Cahn-Hilliard theory. As can be seen in Fig. 5, the data can
be approximated by linear slopes for both 7 jumps of 180
and 190 °C. In the literature,2*%” such plots tend to show a
curvature rather than a linear slope, especially when the
scattering peak appears at low angles due to the large initial
fluctuation size. In the present case, since the initial fluctu-
ation size is very small, the scattering maxima appears at
relatively wide scattering angles. The scattering data at low
wave numbers (below g = 2.5 um™"') are not necessarily
contributed by the phase separation process, but affected by
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FIG. 5. The Cahn’s plot of R(g)/¢* vs ¢*.
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parasitic scattering. Thus, the validity of the linearized theo-
ry should be further checked with Eq. (4). As shown in Fig.
5, this relation holds for both T jumps of 180 and 190 °C,
thereby confirming the validity of the linearized theory. Sim-
ilar observations were made by Hashimoto et al.?® and
Okada and Han?? in the blends of polystyrene (PS)/poly-
vinyl methyl ether (PVME). Very recently, Bates?® demon-
strated the existence of linear region in the early stage of
spinoidal decomposition (SD) in the mixtures of deutera-
ted/protonated polybutadiene (PB).

Late stages of spinodal decomposition

As described before, the scattering peak shifts to low
scattering angles with elapsed time as a result of phase
growth. This nonlinear phase growth in the late stages of SD
is not explicable by the linearized Cahn-Hilliard theory.'® It
may be best explained in terms of the time evolution of the
maximum peak position g,, (#) and the corresponding inten-
sity I, (). Contrary to the early stage of SD, there is no
period in which the structure function S(g,?) or the scatter-
ing function I(g,?) increases at an exponential rate, but rath-
er varies according to a power-law scheme, namely,

q,(ty~t ™% (6)
and
I, (1)~t?, (7

where the exponents ¢ and ¢ have been predicted in a num-
ber of nonlinear theories.'>**> On the basis of the nonlinear
statistical consideration, Langer, Baron and Miller
(LBM)'? estimated a value of 0.21 for ¢. Another notable
theory is the cluster dynamics of Binder and Stauffer (BS),"
in that the clusters aggragate and coalesce into larger do-
mains in order to minimize the surface free energy. The BS
theory predicts that ¢ = 1/3 and ¢ = 1 with 3p = . Froma
completely different approach, Siggia'* obtained an equiva-
lent expression, but with the valuesof p = 1/3and ¢ = 1 for
the early growth process and ¢ = 1 and ¢ = 3 at the late flow
stage. His approach is based on the percolation mechanism
in that the coarsening occurs as the materials diffuse through
interconnected channels due to surface tension. On the other
hand, Kawasaki and Ohta'® argued on the basis of hydrody-
namic consideration that there is no kinetic exponent for the
entire spinodal process.

The time evolution of the maximum wavenumber was
plotted in log-log scale as shown in Fig. 6. In the early peri-
od, the ¢,, remains constant, then decrease at a later time
with a slope of — 1/3. As can be seen in Fig. 7, the corre-
sponding maximum intensity 7,, vs time plot gives a slope of
1 for both T jumps. These exponents are exactly the values
predicted by Binder and Stauffer'’ for the coalescence of
clusters to a larger domain to minimize the surface free ener-
gy. This process has been observed by Hashimoto et al.?* for
PS/PVME mixtures and Nojima et al.>* for PS/poly(meth-
ylphenyl siloxane) (PMPS) mixtures.

At very late stages of SD, a number of studies indicate
thatgq,, and I,, vary with the slopes of — 1 and 3, respective-
ly. This stage is identified to be a percolation regime, where
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FIG. 6. The log-log plot of maximum peak wave number vs phase separa-
tion time for the 40/60 PC/PMMA blend.

coalescence of domains has been dominated by surface ten-
sion. We also observed the same phenomenon in the blends
of high molecular weight PC/PMMA in which the T jump
was carried out deeply into the immiscible region. In the
present case, the phase separation obviously does not reach
the percolation regime, although the experimental time is
over 6 h. As will be demonstrated in a succeeding paper, " if
the T jump is too high, phase dissolution can occur due to
the UCST at elevated temperatures.

Since there is an appreciable period at which ¢,, remains
invariant, the correlation length (&) in the single phase may
be approximated as the initial fluctuation size of spinodal at
t=0,

§=1/4,(0). (8)

The universal curve may then be established with dimen-
sionless reduced variables,

Q0. =49/9,(0) =¢¢ 9
and

7=D,,, &7, (10)
where D,,, and £ were already known from Figs. 5 and 6.

The universal curve with reduced variables Q,, vs 7 shows a
good superposition as shown in Fig. 8. Although the time
scale is rather short, the trend is similar to those reported by
Snyder and Meakin®® and Hashimoto et al.?' for PS/PVME
blends.

104
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FIG. 7. The log-log plot of the maximum intensity vs phase separation time
for the 40/60 PC/PMMA blend.
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FIG. 8. The universal curve for reduced variables Q,, vs 7, showing a good
superposition.

Scaling tests of self-similarity and structure function
{Refs. 16 and 17)

Now we shall turn our attention to the scaling tests of
late stages of SD. The evolution of the scattered intensity for
different time scales during the coarsening process may be
examined in terms of a scaled structure factor S(z) with a
single length parameter £(?), i.e.,

I(g,t) ~ V1) E(1)’S(2), (11)
where Vis the scattering volume, (#%?) the mean square fluc-
tuation of refractive index and z = g£(¢). Here, £(¢) is relat-
ed to the wavelength of periodic structure A (¢) by the rela-
tion

E(t) = A1)/ 2m. (12)

From Egs. (11) and (12), the structure factor can be de-
scribed as

z2=4q/q,,. (14)

In the early stage of SD, the (%) term does not reach its
limiting value, therefore it cannot be scaled with a single
length parameter £(¢). Hence, only the data of late stages of
SD were used in the scaling tests. Figure 9 shows the plots of
S(z) vs z for various phase separation time. The superposi-
tion of scaled scattering curves is reasonably good for the late
stages of SD where the coalscence of phase domains occurs,
suggesting that the structure function is universal with time
in this growth process of SD.

The dynamical scaling of the shape of the structure fac-
tor S(q,t) proposed by Furukawa is of interest in examining
the behavior of the critical and off-critical mixtures. He de-
scribed the structure factor in terms of the cluster size R(¢),

S(g,t) ~R() S(X), (15)

where S(X) is a universal scaling function which may be
expressed as

S(X)~X2%/(y/2+ X3+ ), (16)

where X = gR(¢) and d is the dimensionality of growth. y is
defined as
d + 1 for the off-critical mixture
Y= . 17)

2d for the critical mixture

For the three dimensional growth, the structure function is
predicted to vary with an exponentof 2at¢ <g,, and — 4or
— 6atg> g, depending on whether the mixture is off-criti-
cal or critical one. The validity of this dynamic scaling has
been demonstrated in the demixing of Al-Zn and Al-Zn—
Mg metal alloys,* polystyrene (PS)/poly(methylphenyl si-
loxane) oligomer mixtures*® and aqueous hydroxyporpyl
cellulose systems.** In the above cases, slopes of 2 and — 4
were obtained which is in conformity with the prediction for

S(2) ~Hg)qy, (13)  off-critical quenches. In the case of the critical composition
with of PS/PVME blends, Hashimoto and co-workers** reported
60000
" 40000
E
o FIG.9. I(g,1)q}, vs 4/4,, plots for the self-
similarity test.
20000 |
180 °C 190 °c
0 L A
0 1 I 20 1 2
a/m q/9m
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(b)

FIG. 10. (a) The log-log plot of scat-
tered intensity against scattering wave
number for the 40/60 PC/PMMA
composition and (b) for the 70/30
PC/PMMA composition.
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the values of 2 and — 6 as predicted by the theory. In the
present case, the experiment covers limited ¢ range. It is
difficult to conclude from this data alone, although the
40/60 PC/PMMA blend shows the slopes of 2 and — 6 at
q<4q,, and ¢>q,, regions [Fig. 10(a)]. As will be demon-
strated in the succeeding paper,'® the slopes of 2 and — 6
were obtained for the same blend in the 7 jumps above the
immiscibility loop. Furukawa®® further cautioned that the
prediction of kinetic exponent ¥ = 6 has no physical signifi-
cance, thus it may be valid only for intermediate wave
numbers. He then conjectured that the exponent at large ¢
may recover the Porod value of 4. The recovery of — 4 slope
has been confirmed experimentally in metal alloys*’ and in
polymer blends.*® Very recently, Oono and Puri*® showed
from their simulation that the slope could be much steeper
than ¢~ at intermediate wave numbers of the percolated
regime.

In order to compare the dynamical behavior between
the critical and off-critical mixtures, we have further exam-
ined an off-critical mixture of 70/30 PC/PMMA. The be-
havior of early to late stages of SD for the off-critical compo-
sition are similar to those of the critical mixture, except for
the dynamical scaling of the shape of scattering profiles. Fig-
ure 10(b) shows the log-log plots of I vs ¢ for 70/30
PC/PMMA. As predicted by Furukawa'” for the off-critical
mixtures, slopes of 2 and — 4 were obtained at ¢ <g,, and
g>q,., respectively. Hence, it may be concluded that the
asymptotic behavior of the scaled function agrees very well
between theory and experiment in this PC/PMMA blend.

CONCLUSIONS

The phase separation dynamics, following the T jumps
into an immiscibility loop region, is similar to the behavior
reported for most conventional LCST systems. The early

stage of SD is explicable in terms of the linearized Cahn-
Hilliard theory, whereas the late stage follows the power law
with exponents of — 1/3 and 1. This late stage of SD has
been identified to be the cluster regime, where the clusters
coalesce to form a larger domain in order to minimize the
surface free energy. Self-similarity was attained during the
growth process of SD where the structure function is univer-
sal with time.
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