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ABSTRACT: A model based on the Cahn—Hilliard formalism is used to simulate structure formation in
thermally quenched polymer solutions in the vicinity of a glass transition. Simulation results for the
system poly(methyl methacrylate)/cyclohexanol are correlated with light scattering and microscopy
measurements recently reported in the literature. Good qualitative and quantitative agreement with
experimental observations indicates the applicability of current free-volume and thermodynamic theories
to quantify the dynamics near a glass transition. The model accurately predicts late-stage scaling
exponents, and results show that the early stage of phase separation occurs on time scales < 1s. Pore
growth rates based on zero-free-parameter calculations agree well with experimental observations.
Simulations also show that quenching a phase-separated structure below a glass transition can result in
the formation of a secondary droplet structure within the polymer-rich phase, prior to freezing-in of the
preexisting morphology. Such secondary structures, which have also been observed experimentally, appear
to have little or no effect on the calculated structure factor, which is also consistent with light-scattering

measurements.

Introduction

Thermal-induced phase separation is a common tech-
nique for producing composite materials from polymeric
blends and porous polymer membranes from solutions.
In the latter case, the ability to predict and thereby
control the morphology of the resulting film is critical
in attaining desired material properties, such as mem-
brane selectivity and mechanical integrity. The object
is to lock in desired morphologies at some intermediate
stage of the phase separation by solidification of one or
both phases via gelation, crystallization, or a glass
transition mechanism. Such an arrest of structure
growth has been observed experimentally by light-
scattering measurements for a gelatinous system? and,
most recently, for a binary polymer solution.?2 From a
computational perspective, it is therefore of great
importance to model the dynamics of structure growth
in the vicinity of such a transition.

For homogeneous solutions exhibiting an upper criti-
cal solution temperature (UCST), phase separation can
be induced by a temperature quench below the binodal.
Depending on the location in the two-phase region to
which the solution is quenched, structure growth pro-
ceeds by either nucleation and growth (NG) or spinodal
decomposition (SD). Nucleation and growth occurs in
the metastable region of the phase diagram and takes
place by concentration fluctuations that are large in
magnitude but small in extent (i.e., by the formation of
a nucleation site of sufficient size whose composition is
that of the equilibrium binodal), as smaller fluctuations
dissipate due to surface energy costs. Spinodal decom-
position, on the other hand, takes place in the unstable
region of the phase diagram by rapid initial growth of
infinitesimal concentration fluctuations that are large
in extent. These fluctuations reach their binodal com-
positions in the so-called late stage of the transforma-
tion. From mean-field considerations, the boundary
between NG and SD is distinct and represented by the
spinodal curve.® However, recent numerical* and ex-
perimental® evidence suggests that the transition be-
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tween the two mechanisms is gradual and the two may,
in certain instances, occur simultaneously.

Phase separation by spinodal decomposition is de-
scribed by Cahn—Hilliard theory which expresses the
free energy in a phase-separated system as a function
of both composition and the spatial gradients in com-
position. As a result, there is a complex interplay
between the homogeneous or bulk free energy compo-
nent, which drives the two phases toward their equi-
librium compositions, and the surface energy compo-
nent, which attempts to minimize the interfacial area
in the system. Modeling of phase separation in binary
systems using Cahn—Hilliard theory, particularly for
polymer blends, has been an intense area of research.5—°
More recent work has also explored the mechanism of
domain pinning in some polymer blends.1%* In addi-
tion, several recent studies have begun to elucidate the
gualitative effects a glass transition or gelation might
have on the phase separation dynamics predicted by
Cahn—Hilliard theory. Sciortino et al.’? studied a
system undergoing simultaneous phase separation and
gelation and showed that domain growth can be ar-
rested once a sufficient gel concentration is established.
Sappelt and Jackle314 have studied the effect of a glass
transition boundary in a binary liquid mixture and have
shown that coarsening is not completely halted but
rather the structure can continue to grow by a coales-
cence mechanism. However, this behavior has not been
experimentally observed, and current observations?
suggest the glass transition arrests structure formation
on any realistic time scale. Despite the wealth of
literature on phase separation in polymer blends and
binary mixtures, little theoretical work has focused on
polymer solutions'®16 and, to our knowledge, no work
yet has discussed quantitative prediction of structure
growth Kkinetics in such systems.

In this study, the dynamics of phase separation in
polymer solutions near a glass transition is modeled
using a Cahn—Hilliard formalism. Qualitative and
guantitative comparisons are made between computa-
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tional results, light-scattering experiments, and mor-
phological observations for the poly(methyl methacry-
late (PMMA)/cyclohexanol system.? In this context, the
validity of using current thermodynamic and Kinetic
theories to model structure growth in the vicinity of a
glass transition is discussed.

Theory

According to standard Cahn—Hilliard theory, the
diffusion equation describing structure formation during
spinodal decomposition may be written as!7.18

- (M(¢>) V(a (%) sz2¢)) @)

where M(¢) is the composition-dependent mobility, « is
the gradient energy parameter, f is the bulk free energy,
and ¢ is the polymer volume fraction. A modified form
of the Cahn—Hilliard equation, proposed by Cook,'° has
an additional stochastic term that accounts for thermal
fluctuations. However, this term is only significant for
shallow quenches in the transition region between NG
and SD growth mechanisms.* Furthermore, it has been
shown that the strength of the thermal noise has no
effect on the late-stage growth exponent but only affects
the approach to late stages.?® Since our concern is
primarily with the late-stage dynamics of fairly deep
guenches into the spinodal region, thermal fluctuations
are neglected. Moreover, experimental studies for
polymer blends?! and polymer solutions? near a glass
transition have shown that structures grow by diffusive
coarsening only. Therefore, hydrodynamic fluctuations
are also neglected.

The free energy of the polymer—solvent system is
modeled according to Flory—Huggins theory and can be
written as

f=RT$+(1—¢) In(1 — ¢) + z0(1 — ¢)] ()

where f is now the free energy per mole of lattice sites,
N is the degree of polymerization, and yx is the temper-
ature-dependent interaction parameter. The gradient
energy parameter is estimated from Debye’s approxima-
tion?? and is given by

x = RTyR/6 (3)

where Rg is the radius of gyration of the polymer which
is typically evaluated by assuming unperturbed dimen-
sions. Neglecting any temperature dependence of Rg,
the temperature dependence of « is very small over the
regime of interest in this study and can be assumed
constant.

The mobility is related to the solvent self-diffusion
coefficient Dy by

_br P(1 — @)
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where Dy is a thermodynamic factor relating D; to the
mutual diffusion coefficient. The form Dt should take
has been debated in the literature.2324 Most recently,
Vrentas and Vrentas?® used a semiempirical approach
to evaluate Dt which yields mutual diffusion coefficients
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that agree very well with experimental data. Ap-
proximating the y-parameter in eq 13 of ref 25 as N,
the degree of polymerization, yields the relationship
shown in eq 4. The parameter, «, is the ratio of D; to
ND_, in the dilute solution limit where D5 is the polymer
self-diffusivity which is estimated from the Kirkwood—
Riseman theory.28 Solvent self-diffusion coefficients for
the PMMA/cyclohexanol system are estimated from the
free-volume theory of Vrentas and Duda:2327

—(0,Vy* + wzvz*)) (5)
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where wj is the weight fraction of component i, V;*
the specific critical hole free volume of component i, y
is the average overlap factor for the mixture which is
assumed to be unity, Do; is a preexponential factor
assumed to be independent of temperature, and Vgy is
the average specific hole free volume of the mixture
given by

Ky Venz
=0 —(Kp+T - Tgl) + w; (6)
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where Ki; and Ky, are free volume parameters, Tg; is
the glass transition temperature of the pure solvent, and
y1 and vy, are overlap factors for the pure component
free volumes, which are assumed to be unity. The form
of Vg2, the specific hole free volume of the equilibrium
liquid polymer, is a function of the state of the mixture,
i.e., whether solution,? rubber,?8 or glass.?® Since the
temperatures in this study are below the glass transi-
tion of the pure polymer, the system is in the rubbery
state (Tgmix < T < Tg2) or glassy state (T < Tgmix) and
the following relations apply:

Verz = Vo2 (Tl 1z — (o

for the rubbery state and

— o) (T, =M (V)
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for the glassy state, where V,° is the specific volume of
the equilibrium liquid polymer, a; are thermal expan-
sion coefficients, A is a parameter that measures the
ability of the solvent to depress the glass transition of
the system, Tymix, and f5, is the fractional hole free
volume of the polymer at its glass transition tempera-
ture, Ty, which is related to the polymer free volume
parameter, Ky,. The various parameters for the PMMA/
cyclohexanol system required by the Duda—Vrentas free
volume equations are listed in Table 1 and the calcu-
lated mobilities are shown in Figure 1. The mobility
function approaches zero in the pure component limits
as a result of the composition-dependent prefactor in
eq 4 and exhibits a relative maximum which is shifted
to low polymer concentrations due to the presence of
the glassy state at higher concentrations. More detailed
discussions of the meaning of each parameter and the
method of determination are given elsewhere.?7:2830 The
free volume parameters calculated for cyclohexanol
differ slightly from those reported by Hong3! but yield
results that agree well with the phase separation
dynamics observed in light-scattering experiments,? as
will be shown.
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Figure 1. Mobility in the PMMA/cyclohexanol system as a
function of polymer volume fraction for various temperatures
(°C): (a) 20; (b) 30; (c) 40; (d) 50; (e) 60.

Table 1. Free-Volume Parameters for PMMA/
Cyclohexanol System

V1* (cm3/g) 0.844
V2* (cm?/g) 0.788
V° (cm3/g) 0.8696
K11 (cm3/g-K) 1.029 x 1073
K12 (cm3/g K) 3.05 x 104
K21 (K) 21.3
Kz (K) 80
To1 (K) 217
Tg2 (K) 378

0.586
Do1 (cm?/s) 1.26 x 1073
a 6.67 x 1072
az (K™Y 5.8 x 1074
0ag (K1) 2.5 x 1074
e (K1) 2.0 x 10~
Qezg (K™Y 0.866 x 10~4
, 0.0464
A'(K) 250

Numerical Method

Scaling. The Cahn—Hilliard equation can be scaled
using the following dimensionless quantities:

x* =x/L 9
7= (2kM,y/LHt (10)
F=1f/RT (11)

where x* is a dimensionless length, 7 is a dimensionless
time, My is a scaling constant having units of mobility,
and L is the scaling length given by

L = a(2«/RT)*? (12)
where a is an adjustable parameter between 0.5 and 2
used to ensure the appropriate size scales are being

investigated for each simulation. Usingeqs 9—11,eq 1
becomes

0P _ V*-(M*(¢>) V*(az 8';((;15)

ar —V*qu)) (13)
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where M* and V* are also dimensionless quantities
given by M/Mg and LV, respectively.

Discretization. Equation 13 is discretized using a
standard explicit scheme:32

n+1 n
¢i,j - ¢i,j _ Ji+1/2,j - Ji—l/2,j + ‘Ji,j+1/2 - ‘]i,j—llz
AT AX*

(14)

where Jir1pj is the total flux at point (i + /2, j) and is
given by

Jit1p) =
dF/d¢i+1,j - dF/d¢|,J v*2¢i+l,j — V*2¢i’j
i+1/2, Ax* — A
(15)
where
T IR v A S N S
V*Z(i’i,j — ¢|+1,J ¢|,j+1 A(i: ¢| 1j ¢I,J 1 (16)

This scheme is used to numerically integrate eq 13 on
a 64 x 64 or 128 x 128 grid with the assumption of
periodic boundary conditions. Care was taken in the
choice of the mesh size, Ax*, to avoid possible discreti-
zation artifacts such as mesh-size dependence? and
artificial pinning effects.’® It was determined that
values for Ax* between 0.7 and 1.0 were adequate for
computations.

Data Analysis. The time evolution of the two-phase
structure is quantified using the structure factor, S(k,t),
which is simply the square of the magnitude of the
Fourier transform, A(k,t), of the concentration fluctua-
tions in the system.

S(k,t) = |AK D> =
N—1N-1

27 2
man: (b — ¢0) eXP(W(mkx + nky)) (17)

where ¢mn is the volume fraction of polymer at node
(m, n), ¢o is the mean volume fraction, and K is the 2D
position vector, (Kx, Ky), in Fourier space. The structure
factor offers direct comparison with light-scattering
experiments since it is proportional to the scattering
intensity.3® A similarly useful quantity is the pair
correlation function, G(r,t), which is the Fourier trans-
form of S(k,t):

G(rt) = Zexp(ik-r)S(k,t) (18)

Since the phase separation is isotropic, analysis can be
improved by using circularly averaged quantities, S(k,t)
and G(r,t) where k and r are the distances from the
center of the Fourier space plane and real space plane,
respectively.®34 The position of the maximum of the
structure factor, kn, and the first zero of the pair
correlation function, ri, are used as measures of the
domain size, since both are proportional to the position
of the light-scattering intensity maximum. Owing to
discretization, kq, is difficult to determine accurately,
particularly at larger times where the spinodal ring is
collapsing. As a result, a better measure of domain size
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Figure 2. Phase diagram for the PMMA/cyclohexanol sys-
tem: (@) data of Graham et al.;? (a) data of Vanderweerdt et
al.;% (thick line) calculated binodal; (thin line) calculated
spinodal; (dashed line) glass transition curve. Regions | and
11 correspond respectively to phase separation above and below
the glass transition.

in discrete Fourier space is the first moment of the
structure factor, ki, given by

ZkS(k,t)

k (19)

l ZS(k,t)

This quantity can be determined more accurately than
km since it is calculated from data over the entire range
of wave vectors, and it has been shown to scale in the
same manner with time as kny.!!

Results and Discussion

To check the validity of the numerical scheme,
simulations were performed on a number of systems
previously considered in the literature. For example,
excellent agreement was obtained with the results of
Copetti and Elliott®® for a system with constant mobility
and the predictions of Rousar and Nauman3? for a
symmetric polymer blend.

The phase diagram for the PMMA/cyclohexanol sys-
tem considered for the present simulations is shown in
Figure 2. The temperature dependence of y was deter-
mined from Flory—Huggins theory by fitting the calcu-
lated binodal to the cloud-point data of Graham et al.2
A composition dependence was also considered; how-
ever, the best fit was obtained by assuming y to be a
function of temperature only. A degree of polymeriza-
tion of 150 was used in these calculations, which is
consistent with the molecular weight of PMMA used in
cloud-point measurements and light-scattering observa-
tions.2 The glass transition line is a linear fit of the
data of Venderweerdt et al.2¢ The theory of Kelley—
Bueche?® yields similar results over the temperature
regime explored in this study. Light-scattering experi-
ments? have shown that, for quenches to region I of the
phase diagram, i.e., above the glass transition region,
the resultant two-phase structure grows as t3, as
predicted by late-stage theories for diffusion-limited
coarsening.383° However, further quenching into region
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Figure 3. Structure factor as a function of k*, the dimension-
less radial position in Fourier space, for a quench to 50 °C for
a 35 wt % PMMA/cyclohexanol solution. Quench times > =
a‘r: (a) 1700; (b) 3000; (c) 12 200; (d) 30 400.

I1, below the glass transition, results in cessation of
structure growth and an apparent freezing of the two-
phase morphology.2

To model these effects, quenches of an initially
homogeneous 35 wt % PMMA/cyclohexanol solution to
regions | and Il of the phase diagram were simulated.
The results presented herein represent runs from a
single initial configuration. Multiple runs were con-
ducted only to check for consistency and, therefore, no
averaging of results over several initial configurations
was performed. Figure 3 shows the evolution of the
circularly averaged structure factor following a quench
to 50 °C. A discernible maximum forms during the early
stages of structure formation which increases in inten-
sity and shifts to lower k* values with time, indicating
an increase in the size of the phase-separated domains.
A power law fit shows that the position of, k;*, scales
as t7935 in good agreement with light-scattering obser-
vations.?2 The evolution of the pair correlation function
is shown in Figure 4. The shift of the first zero, r;*, to
higher values is also indicative of domain coarsening.
For a direct comparison to the experimentally observed
scattering maximum, the evolution of the inverse quan-
tity, 27/r1*, is shown in Figure 5 for quenches above the
glass transition region. The slope of the least-squares
fit shows that, at 50 °C, 2xa/r;* decays as t=9%7, also
consistent with experiment. The slight difference in the
exponent reflects the way in which the dominant size
scale is estimated. The corresponding two-phase mor-
phologies at points a—c in Figure 5 are shown in Figure
6a—c. The morphology during the early stage (not
shown) is bicontinuous. However, the polymer-lean
phase rapidly breaks apart, resulting in a droplet type
morphology composed of solvent-rich pores surrounded
by a polymer-rich matrix. This evolution is consistent
for an off-critical quench into the spinodal region,
whereby the initial structure undergoes a percolation-
to-cluster transition.*® This behavior has also been
observed in computational*1634 and experimental® stud-
ies.

The effect of a second quench to 25 °C on the
coarsening of the morphology is also shown in Figure
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Figure 4. Pair correlation function for a quench to 50 °C for
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Figure 5. Evolution of structure size for (®) quench to 50 °C
and (a) a second quench to 25 °C during late-stage coarsening.
Points a—d correspond to the morphologies shown in Figure
6.

5d. These simulations were conducted using mobilities
in the glassy state calculated from eqs 4 and 5 which
yield values typically 1—3 orders of magnitude smaller
than the solution-state mobilities. Results show that,
because the glassy-state mobilities are still finite,
coarsening is not completely arrested. Similar behavior
was also observed by Sappelt and Jackle!®1 in their
simulations of phase separation in a glassy mixture.
However, as shown in Figure 5d, over the time scale of
the simulations, the average pore size, as measured by
km, remains unchanged. Moreover, when extrapolated
to experimental length scales, these results show that
structure growth is effectively arrested on experimental
time scales, in excellent agreement with the data of
Graham et al.2#! Although the initial droplet morphol-
ogy is still obvious, a secondary, solvent-rich droplet
phase also forms within the polymer-rich matrix, as
shown in Figure 6d. In addition, as shown in Figure 7,
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we find that the secondary phase has only a small effect
on the calculated structure factor at higher k*. Micro-
graphs of morphology,*? prepared by quenching below
the glass transition, show strong evidence of secondary
pores within the polymer-rich matrix. This secondary
structure is a result of the polymer-rich phase formed
at 50 °C being thermodynamically unstable at 25 °C.
Figure 2 clearly shows that the equilibrium composition
of the polymer-rich phase at 50 °C lies within the
spinodal region at 25 °C. Therefore, spinodal decom-
position proceeds in the polymer-rich matrix until the
glass composition is reached, at which point further
growth proceeds slowly, so that on experimental time
scales growth effectively ceases.

The pore growth rate during the late stages for a
given quench is determined by fitting the time evolution
data for r;* to the growth law expression*3

R®=R,> + K(t — t,) (20)

where K is the pore growth rate constant, R is the size
of the droplet phase at time, t, and Ry is the size at to,
the time required for the early stage of spinodal
decomposition. K was determined from simulations for
several quench temperatures, and the resulting extrapo-
lated pore growth curves are shown in Figure 8. A
similar analysis can be performed on light-scattering
data for the PMMA/cyclohexanol system,?2 where R is
related to the wavenumber of the scattering intensity
maximum, gm, by

R = 27/q,, (21)

However, in the experimental case, tp in eq 20 repre-
sents the time required for thermal equilibration of the
guenched solution, which can be several seconds in
duration. The pore growth curves for these data are
given in Figure 9. Immediately apparent from Figures
8 and 9 is the close correspondence between calculated
and experimental growth rates. This is, in some sense,
surprising, considering that our Cahn—Hilliard simula-
tions contain no free parameters. Moreover, the calcu-
lated and experimental curves both exhibit a decrease
in the pore growth rate with decreasing temperature
or increasing quench depth, AT. However, over the
complete range of temperatures explored in simulations,
the pore growth rate exhibits a relative maximum, as
shown in Figure 10. This suggests that there is a
complex interplay between the transport Kinetics and
the thermodynamic driving force for phase separation
which determine the temperature dependence of the
growth rate.

The separate effects of the transport and thermody-
namics on the growth rate were elucidated by perform-
ing two series of simulations: one with a temperature-
independent mobility function and the other with a
temperature-independent free energy (constant y). The
results are shown in Figure 10. When the thermody-
namics dominates, the pore growth rate shows an
increase with increasing quench depth. This corre-
sponds to a system undergoing phase separation far
removed from a glass transition and, indeed, such a
trend has been observed in light-scattering data on a
guenched polyethylene copolymer/anisole system** and
in microscopy for several other solution systems.41:45.46
However, when transport effects dominate, the growth
rate is seen to decrease with increasing quench depth.
This behavior is observed in the PMMA/cyclohexanol
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Figure 6. Evolution of morphology for a quench to 50 °C at times corresponding to points a—d in Figure 5: (a) 7> = 4000; (b) *
= 10 000; (c) > = 20 000; (d) t* = 22 000 after a second quench to 25 °C at 7> = 10 000.
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Figure 7. Structure factor at (®) t* = 10 000, just before
guench to 25 °C and (W) t* = 22 000, following quench to 25
°C.

system over the experimental regime studied and is a
result of phase separation dynamics occurring near a
glass transition.? Therefore, the maximum in the pore
growth rate predicted for the PMMA/cyclohexanol sys-
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Figure 8. Extrapolated late-stage growth curves from simu-
lated quenches. AT = Tquench — Tspinodar: (&) AT = 11 °C; (b)
AT =14 °C; (c) AT = 17 °C. Calculated growth rates in um?%/s:
(a) 0.0039; (b) 0.0029; (c) 0.0018.

tem is a result of a crossover from a regime where
thermodynamics is rate-controlling to one where trans-
port effects dominate.
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Figure 9. Late-stage growth curves from light-scattering

experiments:? quench to (a) 54, (M) 50, and (®) 47 °C. Fitted

growth rates in ums/s: 0.0092, 0.0048, 0.0012, respectively.
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Figure 10. Calculated pore growth rates (®) for PMMA/
cyclohexanol system; (A) using a temperature-independent
mobility function, M/Mgy = ¢(1 — ¢) [thermodynamics domi-
nate]; (M) using a temperature-independent free energy func-
tion with y = 0.8686 [kinetics dominate]. Constant M and
constant y curves are shifted arbitrarily along the K-axis to
better show trends with quench depth.

Another important result from these simulations,
shown in Figure 11, is the extreme shortness of the time
periods for early-stage phase separation. These ranged
from 5 to 150 us over the regime studied and scaled as
AT~15 This clearly suggests the unlikelihood of ex-
perimentally observing early-stage structure growth in
most polymer solutions. Moreover, since experimental
time scales for temperature transients during the
guench period are typically much longer (i.e., on the
order of seconds to minutes), care is needed in inter-
preting scattering behaviors. For example, light-scat-
tering data for our PMMA/cyclohexanol system? exhibit
an apparent early-stage regime on log—log coordinates
ranging from several seconds to several minutes in
length and are suggestive of constant size of the
spinodal structure. We believe this behavior is simply
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Figure 11. Time required for completion of early-stage

coarsening as a function of quench depth, AT = Tguench —
Tspinodal-

the result of late-stage growth of structures which
formed during the transient quench period prior to
temperature equilibration.*® Clearly, once the final
spinodal temperature is reached, the dynamics one sees
are those of late stage. As noted by Crist,*® the effect
of the initial structure, Ry, on the growth dynamics can
be exaggerated when plotted on a log—log scale, giving
the appearance of early-stage or pinned behavior. The
fit of the light-scattering data to eq 20, as shown in
Figure 9, demonstrates that t¥/3 scaling is followed over
the entire experimental time regime.

Conclusions

In this work, simulations of phase separation in the
PMMA/cyclohexanol system based on the Cahn—Hill-
iard model have been shown to yield excellent agree-
ment with experimental results. Current theories used
to estimate thermodynamic and kinetic parameters for
polymer solutions are adequate for qualitative and
guantitative prediction of the phase separation dynam-
ics near a glass transition, as well as the resultant
morphology. Quenching a phase-separated solution
below the glass transition boundary effectively freezes
the preexisting morphology. However, prior to attaining
the glass transition composition, a secondary droplet
structure forms as a result of the polymer-rich matrix
undergoing a second spinodal decomposition process.
Strong morphological evidence exists for such behavior.
However, since the secondary structure has little impact
on the calculated structure factor, this phenomenon
probably cannot be confirmed through light-scattering
observations. Care must be taken in interpreting light-
scattering results for polymer solutions which appear
to exhibit early-stage behavior. These data are not due
to early-stage spinodal decomposition but are a result
of late-stage growth in a transient temperature field.
This is certainly the case for the PMMA/cyclohexanol
system, as calculations show that the early stages of
structure formation occur too rapidly to be observed
experimentally. Analysis of our light-scattering meas-
urements? using eq 20 clearly shows that the data follow
late-stage dynamics from the onset of pattern formation.
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