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ABSTRACT: Liquid-liquid phase separation was observed in the blends of Nafion and poly(vinylidene
fluoride) (PVDF) above the crystal melting temperature of PVDF crystals. The kinetics of thermally induced
phase separation in Nafion/PVDF blends was investigated by means of time-resolved small-angle light
scattering. A temperature—composition phase diagram was established on the basis of cloud point mea-
surements. The phase behavior is a lower critical solution temperature (LCST) type and reversible in
character. Temperature-jump (7T-jump) experiments were undertaken from room temperature to 220 and
240 °C. Phase separation was dominated by the late stages of spinodal decomposition. The time evolu-
tion of scattering curves was analyzed in the context of nonlinear theories and dynamic scaling laws.

Introduction

In a previous paper,! the effects of solvent casting on
the development of spherulitic structure of poly(vinyli-
dene fluoride) (PVDF) and the morphology of its blend
with Nafion have been demonstrated. We found that
the formation of a- or y-form or mixed a- and y-form
crystals strongly depends on the temperature of solvent
casting and blend compositions. The existence of a crys-
talline structure in the Nafion/PVDF blends makes the
determination of polymer miscibility very difficult. How-
ever, the dielectric relaxation study showed a systematic
movement of the a relaxation peak with composition,
implying that the polymer pair may be, at least, par-
tially miscible in the solid state. When the blend sys-
tem was heated above the crystal melting temperature
of PVDF, liquid-liquid phase separation took place.

In the present study, we continue our efforts to eluci-
date the dynamics of liquid-liquid phase separation by
using time-resolved light scattering. We first establish
the cloud point phase diagram. A couple of tempera-
ture jumps (T jumps) were carried out from room tem-
perature to a two-phase region (220 and 240 °C) to inves-
tigate kinetics of phase separation.

Experimental Section

Nafion membranes in the acid form (N 117, equivalent weight
= 1100) were supplied by Du Pont and PVDF (KF 1000, M, ~
282 000 and M,,/M_, = 1.8) was obtained from Kureha Chemi-
cal Co. They were dissolved separately in 1-methyl-2-pyrroli-
dinone (NMP) by rigorous stirring at 120 °C and room temper-
ature, respectively. The solutions were subsequently mixed at
1 wt % polymer concentration in various blend compositions.
Blend films were cast on microscope glass slides at 60 °C in an
air oven. The average thickness of the specimens was about 10
um.

* To whom correspondence should be addressed.
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Light scattering intensity scans were acquired on a time-re-
solved light scattering setup described previously.? A He-Ne
laser (2 mW) with a wavelength of 632.8 nm was used as a light
source. A set of sample hot stages was utilized for T-jump exper-
iments; one is controlled at the experimental temperature and
the other is used for preheating. In the present study, a sec-
ond heating block was not used, as the T-jump experiments
were carried out from room temperature to 220 and 240 °C.
The scattered intensity was measured by means of a two-
dimensional camera (Model 1252 B, EG & G Princeton Applied
Research Co.) interfaced with an optical multichannel analyzer
(OMA 111, Model 1460, EG & G Co.). The data analysis, such
as background subtraction, smoothing, rescaling, etc., was car-
ried out on an off-line microcomputer (IBM-PC). Light scat-
tering pictures were obtained by using a Polaroid instant cam-
era (Land film holder, Model 545). Optical micrographs were
photographed on a Leitz microscope (Laborlux Pol-12).

Results and Discussion

As mentioned previously,! thermally induced phase sep-
aration takes place during heating above the melting tem-
perature (T,,) of PVDF crystals. Figure 1 shows a scat-
tering halo of the 40/60 Nafion/PVDF blend at 230 °C,
arising from the periodic concentration fluctuations of
phase-separated domains. The optical microscopic inves-
tigation reveals interconnected domain structures, which
are the familiar characteristics of spinodal decomposi-
tion (SD). SD is a spontaneous process that is extremely
unstable at infinitesimal concentration fluctuations.®* An
alternative mechansim is nucleation and growth (NG),
which is stable at small fluctuations but is unstable at
large composition fluctuations. In the latter process, a
stable nucleus forms first and the phase-separated domains
grow subsequently. If this process were to occur, a com-
ponent of scattering should decrease from a maximum
at ¢ = 0, which is not seen here. In other words, liquid-
liqui3d4 phase separation occurs through SD rather than
NG.*

© 1990 American Chemical Society
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Figure 1. Interconnected structure of 40/60 Nafion/PVDF
blends and the corresponding halo during liquid-liquid phase

TEMPERATURE (°C)

Figure 3. Temperature dependence of scattered intensity (0

separation at 230 °C.

~ 20°) for 40/60 Nafion/PVDF in the first heating run.

500

400

INTENSITY

300

200 |

100

o

500 260°C 500
400 I HEATING 400 I
& 300 300 |
w0
=
g 200 200 }
100 o 100 |
\%%
0 . 1307 0
o 1 =2 3 0
-1
q(um )

Figure 2. Evolution of V, scattering curves during heating and
cooling of 40/60 Nafion/PVDF.

The evolution of the V, (vertical polarizer with verti-
cal analyzer) scattering curves during heating and cool-
ing of 60/40 Nafion/PVDF is shown in Figure 2. The
peak maximum first appears at around 200 °C and then
moves to a lower scattering angle with continued heat-
ing. This may be attributed to phase growth. Upon cool-
ing from 260 °C, the scattered intensity decays gradu-
ally without accompanying any movement of the peak
position, suggesting the dissolution of phase domains.
When the temperature reaches about 150 °C, crystalli-
zation of PVDF takes place, resulting in an increase in
the scattered intensity. This observation suggests that
the phase-separation process may be a reversible one. A
similar observation was also made in the blends of Nafion-
Na* salt and PVDF, which is not shown here.® Both
acid and salt Nafion blends show no indication of ther-
mal degradation.

Figure 3 shows the variation of scattered intensity at
a scattering angle § ~ 20° with temperature for 40/60
Nafion/PVDF. The initial increase in the scattered inten-
sity near 150 °C is due to the annealing effect. The onset
of the intensity reduction occurs at around 175 °C, prob-
ably associated with the premelting of PVDF crystals,
and the melting is completed in the vicinity of 185 °C.
The intensity increases again with further increase of tem-
perature, which may be attributed to liquid-liquid phase
separation of Nafion/PVDF mixtures. The determina-
tion of the cloud point from such temperature depen-
dence of intensity is ambiguous. Thus, an attempt was
made to eliminate the effect of crystal melting; i.e., the
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Figure 4. Temperature dependence of scattered intensity (¢
~ 20°) for 40/60 Nafion/PVDF in the second run, after cool-
ing down to 155 °C from 200 °C.

specimen was heated at 200 °C for 10 min, then cooled
gradually to 155 °C, and kept there for 30 min. The blend
specimen was again subjected to a second heating cycle.
The temperature dependence of scattered intensity of
the second heating run is shown in Figure 4. The curve
reveals a familiar trend normally observed in the deter-
mination of the cloud point temperature of amorphous
polymer blends.®> The cloud point temperature versus
composition phase diagram of Nafion/PVDF obtained
at a heating rate of 0.2 °C/min is depicted in Figure 5.
The phase behavior is an LCST type with a minimum
at the 60/40 composition and at 187 °C, suggesting that
liquid-liquid phase separation takes place above the T},
of PVDF crystals. Since, liquid-liquid phase separation
is a kinetic process, it depends on heating rates. Figure
6 exhibits the dependence of the cloud point tempera-
ture on heating rates. It should be borne in mind that
the slow heating rate data may be affected by the con-
tribution from the kinetic process. Such effects may be
small at fast heating rates. However, the equilibrium cloud
point is generally overestimated at high heating rates,
and thus it generally appears at a higher temperature.
Hence, the exact binodal point is difficult to determine
from such nonequilibrium studies.

Now, we turn our attention to the kinetic study. Fig-
ure 7 shows the time evolution of scattering curves of
60/40 Nafion/PVDF blends, following T jumps from room
temperature to 220 and 240 °C. The scattering maxi-
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Figure 5. Cloud point phase diagram of Nafion/PVDF at a
heating rate of 0.2 °C/min.
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Figure 6. Heating rate dependence of the cloud point temper-
ature for 60/40 Nafion/PVDF.
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Figure 7. Time evolution of scattering curves of 60/40 Nafion/
PVDF blends, following T jumps from room temperature to
220 and 240 °C.
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mum appears around a wavenumber of 1.8 (1/um) and
then gradually moves to lower wavenumbers. The lin-
ear regime in the early stage of SD has not been observed;
i.e., there is no period at which the scattering peak remains
stationary.®” Therefore, it may be concluded that the
phase separation in Nafion/PVDF blends is governed by
the coarsening process and is nonlinear in character.? It
should be pointed out that the initial maximum wave-
number is more or less the same as the scattering peak
of PVDF spherulites. It seems the moment spherulites
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Figure 8. log-log plots of maximum wavenumber versus phase
separation time for 60/40 Nafion/PVDF at 220 and 240 °C.

melt, phase separation takes place. There is no suffi-
cient time for homogenization of phases to occur, there-
fore the initial concentration fluctuation size turns out
to be large. We are probably looking at the growth pro-
cess, i.e., the late stages of spinodal decomposition.

The late stages of SD was treated by Langer, Baron,
and Miller (LBM)® on the basis of the nonlinear statis-
tical theory. The LBM theory predicts a power law scheme
rather than an exponential growth. Binder and Stauffer
(BS)? reached a similar formulation on the basis of the
cluster theory, in which the clusters aggregate and coa-
lesce to larger domains associated with a decrease in free
energy of the system. Both theories suggest that the max-
imum wavenumber ¢q,,(¢) has a simple form of the power
law

qu(t) ~t7* (1)
and

I(t) ~ ¥ (2)

where g is defined as ¢ = (47/)) sin §/2 in which A and
6 are the wavelength of incident light and a scattering
angle measured in the medium. Here, the exponents ¢
and y are predicted to have the relationship 3¢ = ¢, but
with different values. Langer, Baron, and Miller® esti-
mated a value of ¢ = 0.21 from their nonlinear calcula-
tion. Binder and Stauffer® predicted ¢ = 1/3and ¢ = 1
on the basis of the cluster dynamics, i.e., the coalescence
of phase domains. Siggia'® suggested a value of ¢ = 1/3
at the early growth regime, and this varies with a slope
of -1 at intermediate stages where the percolation
process takes place. On the other hand, Kawasaki and
Ohta,!! who took into consideration hydrodynamic effects,
concluded that there is no scaling law for the entire phase
separation process.

Figure 8 shows log-log plots of g, versus ¢ for 60/40
Nafion/PVDF blends. The slopes are approximately —0.18
to —0.20. The corresponding maximum intensity I ,(¢)
was plotted against ¢t on a logarithmic scale in Figure 9.
Depending on the T jumps, the values of Y are in the
range 0.53-0.58. According to Binder,'? the exponent ¢
varies with a 1/(d + 2) power for the bulk mobility and
1/(d + 3) for the surface mobility, where the thermal
fluctuation is dominant and d is the dimensionality of
growth. Hence, an observed value of 1/5 has been pre-
dicted by LBM? and Binder.!> Very recently, Furu-
kawa'3 proposed a general scaling for kinetic exponents
to vary as 1/(d + 2 + ¢ — h) in order to describe various
crossover processes. The two new parameters { and h
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Figure 9. Corresponding maximum intensity versus phase sep-
aration time in log-log plots.
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Figure 10. Plots of I(q)g,,% versus q/q,, for self-similarity tests.

may assume different values depending on which growth
mechanism is dominant.!*!3

Now we shall examine the time evolution of a scatter-
ing function in terms of a scaling law for self-similarity
between the phase structures.!* The scattered intensity
at a given time t may be related to the scaled structure
function s(z) as follows:

I(g,t) ~ V(n")£(t)s(2) 3

where V is the irradiated volume, (n?) is the mean-
square fluctuations of refractive indices, and z = g&(¢).
Here, £(t) is the correlation length which is related to
the wavelength of the periodic structure A(t) by the fol-
lowing equation:

£(t) = A(t)/2m = 1/qn(t) (4)

In the region where {(»?) is constant, the structure factor
$(2) can be described as

s(z) ~ I(q,t) g, (t) (5)

This scaling prediction has been tested for time evolu-
tion of scattering data of 60/40 Nafion/PVDF blends.
As can be seen in Figure 10, the plots of I,,(¢)q,,* versus
q/ 9., give fairly good superposed master curves, suggest-
ing self-similarity in the demixing process. Temporal self-
similarity is generally obtained when the structure func-
tion becomes universal with time.

Another scaling theory that is of interest is due to
Furukawa'® who proposed that the shape of the struc-
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Figure 11. Shapes of scaled scattering function for 60/40 Nafion/
PVDF blends.

ture function can be scaled by the following equation:

_(1+y/2)2°
v/2 + £

where x = gR with R the diameter of the domain. v is
predicted to be equal to 2d for a critical mixture and (d
+ 1) for off-critical mixtures, and d is the dimensional-
ity of fluctuation growth. In the region of ¢ < g, the
structure function s(q,t) has the form

s(x) (6)

s(x) ~ x* N
whereas in the large q region where ¢ > gq,,, we have
s(x) ~ x7 (8)

If it is a three-dimensional growth, v will be 6 and 4 for
the critical and off-critical mixtures, respectively. In the
case of two-dimensional growth, the values of v will be 4
and 3.

Figure 11 shows log-log plots of I(g,t) versus g for 60/
40 Nafion/PVDF mixtures. In the region of ¢ < g,,, the
slopes are slightly smaller than the predicted value of 2.
The incomplete elimination of a parasitic scattering at
low scattering angles may be partly responsible for this
discrepancy. At large g regions, the slopes of —4 were
obtained for the 60/40 compositions. It is unclear whether
the —4 slope represents the two-dimensional growth for
the critical mixture or three-dimensional growth for off-
critical compositions. Incidentally, the 60/40 Nafion/
PVDF corresponds to the minimum composition in the
cloud point curve in Figure 5, but it does not necessarily
prove that it is the critical point. It should also be pointed
out that the maximum wavenumber various from 1.4 to
0.6 (1/um) during the course of phase separation, which
corresponds to a fluctuation size of approximately 5-10
pm. In view of the thin Nafion/PVDF films (about 10
um), it is plausible that the growth of concentration fluc-
tuations may be close to a two-dimensional rather than
a three-dimensional growth.

Conclusions

We observed liquid-liquid phase separation above the
crystal melting temperature of PVDF crystals in mix-
tures of Nafion/PVDF. The cloud point phase diagram
was established and similar in character with a lower crit-
ical solution temperature diagram. In the kinetic stud-
ies, the linear regime was not observed. The process of
phase separation was dominated by the late stages of spin-
odal decomposition. Self-similarity was attained during
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the growth regime investigated and explained well by the
dynamical scaling law.

Registry No. PVDF, 24937-79-9; N117, 119314-70-4.
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ABSTRACT: The optical properties of solvent-cast films were studied for several polymer formulations
over a wide range of casting conditions. It is shown that the casting process induces distinct molecular
order in the solid film as manifested by finite birefringence in the cross-film (transverse) direction. The
optical anisotropy represents a random molecular alignment parallel to the film plane which can be observed
only by measurements in oblique incidence. The level of birefringence depends on the general mode and
conditions of the casting procedure and on the optical properties of the polymer. Two distinct procedures,
free casting and blade casting, were evaluated and found to produce films with widely varied levels of bire-
fringence. Birefringence was also influenced by the solvent type, the casting temperature, the surface energy
of the substrate, and the timing of the peel-off step. In the limit of thin ($25 um) films, the transverse
birefringence can be loosely correlated with the intrinsic birefringence of the polymer. Indeed, it is shown
that by blending miscible polymers having intrinsic birefringences that are opposite in sign, one can pro-
duce effectively nonbirefringent films. Two such blends have been tested in this study. All our observa-

tions are interpreted in terms of a molecular “freezing-in” process induced by drying stresses.

I. Introduction

The optical properties of solvent-cast polymer films
are of great technological importance in a host of opto-
electronic systems and devices, e.g., in optical waveguides,
in optical data storage systems, and in various linear and
nonlinear optical components. These properties are gen-
erally dictated by the intrinsic optical anisotropy of the
polymer chain and by the orientation induced during the
casting operation. The alignment of polymer molecules
and the corresponding optical anisotropy in solvent-cast
films has been addressed by several investigators. Gen-
eral aspects of macromolecular organization in the vicin-
ity of inorganic surfaces have been reviewed by Rickert
et al.,’ who consider in detail three features that control
the behavior of polymer molecules near surfaces: (i) sub-
strate properties, (ii) solution organization, and (iii) inter-
facial properties of macromolecules. All three features
contribute, to some extent, to the level of molecular order
near solid surfaces, and they underlie the complex nature
of the corresponding phenomena.

Cherkasov et al.% studied orientation phenomena in poly-
mer films produced by free casting (see next section for
definition) and observed that the polymer molecules tend
to align parallel to the solid surface in a manner resem-
bling liquid-crystalline (cholesteric) order. They found,
however, that the planar orientation has a finite range
that depends on the stiffness of the polymer chain. For
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stiff backbone polymers the planar orientation zone may
extend 20 um into the film whereas for flexible chain
polymers the high orientation zone is only ca. 1 um thick.
Some molecular order, according to Cherkasov et al., may
extend well beyond this high orientation “skin” reaching
10~-50 um. Although the origin of this effect was not fully
elucidated, it was speculated that the high orientation
arises from steric/adhesion effects and long-range inter-
actions of the solid surface with the polymer molecules.

Prest and Luca,>* in a study on the properties of poly-
meric films cast from solution by thin, wire-wound, draw
bars, also observed high planar orientation in the solid
films. They view the molecular ordering process as a com-
petition between planar conformation induced by dry-
ing (“drying stress™) and the tendency of the molecules
to drift toward a random (“equilibrium™) conformation.
As solvent evaporation proceeds, the molecular mobility
in the collapsed film becomes increasingly restricted until
the drying-induced conformations are “frozen” in the solid
matrix as the glass transition is approached. Prest and
Luca studied relatively thin films (1-5 um) and evalu-
ated the effects of solvent, polymer structure, molecular
weight, and drying conditions on the birefringence level
in the film. The contribution of drying stresses to the
molecular organization in solvent-cast films was also noted
by Sudduth and Rogers® and Sosnowski and Weber.®
Cohen and Reich” studied the effects of molecular weight
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