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We present experimental results for spinodal decomposition in polymer mixtures of gelatin and dextran. The
domain growth law is found to be consistent with t1/4 growth over extended time regimes. Similar results are
obtained from lattice simulations of a polymer mixture. This slow growth arises due to the suppression of the
bulk mobility of polymers. In that case, spinodal decomposition is driven by the diffusive transport of material
along domain interfaces, which gives rise to a t1/4 growth law.
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I. INTRODUCTION

A homogeneous binary mixture �AB� becomes thermody-
namically unstable when it is quenched into the miscibility
gap. The subsequent evolution of the mixture is character-
ized by the emergence and growth of domains enriched in
either component �1–4�. This process of domain growth or
spinodal decomposition is of great technological and scien-
tific importance, and is relevant in diverse applications, e.g.,
the food-processing industry, metallurgy, materials science,
etc. The standard experimental tools to characterize domain
growth are �a� the time dependence of the typical domain
size ��t�, and �b� the functional form of the structure factor,
which depends on the system morphology. The domain
growth law depends critically on the mechanism that drives
phase separation. For example, diffusive transport of mate-
rial through bulk domains yields the Lifshitz-Slyozov �LS�
growth law ��t�� t1/3, whereas diffusion along surfaces �in-
terfaces� gives rise to a slower growth law ��t�� t1/4 �5–8�.
For binary fluid mixtures, the intermediate and late stages of
phase separation are driven by the advective transport of ma-
terial. The relevant growth laws �in d=3� are ��t�� t in the
viscous hydrodynamic regime, followed by ��t�� t2/3 in the
inertial hydrodynamic regime �1–4,9,10�.

In the food processing industry, many applications in-
volve domain growth in demixing polymer blends or quasi-
binary polymer solutions �i.e., two kinds of polymers in a
solvent�. Polymeric phase separation has been studied ex-
perimentally in films of polymer blends �11–14�, in thicker
samples �15,16�, and in dissolved mixtures �17�. The typical
time scales of decomposition in these experiments vary from
seconds �17� to days �16�. To characterize the speed of the
coarsening process, one often fits a power law to the location
of the maximum in the structure factor qmax, as a function of
time. Measurements of the resulting growth exponent � in
qmax� t−� range from 0 to 0.45 �11,13,14�. Wiltzius and
Cumming �15� report a value of ��0.28; Kuwahara et al.
�16� report an evolution of this exponent from ��0 to
��0.3; and Takeno and Hashimoto �12� measure a value
between 0.25 and 0.33. Clearly, there is no experimental con-
sensus regarding the growth law. Moreover, the dominant
mechanism for domain growth may differ in various experi-
ments and time regimes, explaining the diverse exponents
reported in the literature.

In this paper, we present results from an experimental and
numerical study of spinodal decomposition in polymer mix-
tures in the high-viscosity regime �i.e., without hydrodynam-
ics�. This paper is organized as follows. In Sec. II, we present
results from a light-scattering study of phase separation in a
mixture of gelatin and dextran, dissolved in water. For deep
quenches, domain growth in this system is consistent with
the growth law ��t�� t1/4 on the time scales of our experi-
ment. In Sec. III, we present numerical results obtained from
a lattice simulation of spinodal decomposition in a polymer
mixture. Again, the domain growth law is found to be com-
patible with ��t�� t1/4 over an extended time regime. In Sec.
IV, we interpret these growth laws in the context of phase
separation driven by surface diffusion, as the bulk mobility is
drastically reduced in these polymer mixtures. Finally, Sec.
V concludes this paper with a summary and discussion of our
results.

II. EXPERIMENTAL DETAILS AND RESULTS

Let us first present details of the experiments. The chemi-
cals used for our spinodal-decomposition experiments were
gelatin �fish gelatin with a high molecular weight, Multi
Products, lot 9187, box 47� and dextran �obtained from
Sigma, industrial grade with an average molecular weight of
181 kg/mol, D-4876, lot 41K1243�. These chemicals were
used without further purification and dissolved in water. The
concentration in the final sample for gelatin was 2.46 wt %
and for dextran 2.40 wt %. No salt was added to the solution.
However, azide was added to the stock solutions to halt bac-
terial growth. Earlier studies of phase separation in gelatin-
dextran-water mixtures are due to Tromp et al. �18,19�.
These authors investigated phase-separation morphologies
and dynamical scaling for both shallow quenches �with tem-
peratures T�Tg, the gelation temperature of gelatin� and
deep quenches �with T�Tg�. The light-scattering setup used
by us is similar to that shown in Fig. 2 of Tromp et al. �18�.
A He–Ne laser �633 nm� was used to generate a scattering
pattern that was projected onto a screen of tracing paper.
This is recorded by a charge-coupled device camera �EG&G
PARC, Model 1430P�. �See also Lundell et al. �20�.� The
usable q range was 0.3–7 �m−1.

The gelatin-dextran mixture described above is homoge-
neous at room temperature and starts to demix at a tempera-
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ture �8 °C. The phase separation is clearly visible at 6 °C.
This is close to the gelation temperature of the gelatin, which
is estimated as 8–10 °C �21�. We specifically selected this
mixture to obtain a high viscosity, so that hydrodynamic ef-
fects can be ignored on the time scales of our experiments.

Starting with a homogeneous mixture, we performed ei-
ther a shallow quench to a final temperature of 5 °C, or a
deep quench to 1 °C. From then on, the structure of the
coarsening mixture is recorded at regular times with light
scattering. Specifically, we obtain the typical domain size
from ��t�=2� /qmax�t�, where qmax�t� is the location where
the spherically averaged structure factor S�q , t� reaches its
maximum. For practical reasons, the time t0 of the onset of
phase separation is not known precisely in our experiments.
We therefore determine t0 from our measurements of S�q , t�
as follows. Assuming that the domain growth process is de-
scribed by qmax�t���t− t0�−� with ��1/4 or 1 /3, we per-
form a linear least-squares fit in which qmax

−1/� is plotted vs t;
the time of zero crossing is then our estimate of t0. Since it
takes some time before the structure factor develops a clear
peak, we repeated this procedure also for the locations qmax�
and qmax� of the maxima in qS�q , t� and q2S�q , t�. This results
in six estimates for t0, which we average. We use the average
value of t0 to make a double-logarithmic plot of ��t� vs
�t− t0�; the result is shown in Fig. 1.

As the straight lines in the figure indicate, domain
growth after a deep quench to 1 °C is fitted well by
��t���t− t0�0.25, and after a shallow quench to 5 °C by
��t���t− t0�0.29. The deep quench convincingly shows a do-
main growth exponent in agreement with surface diffusion.
There are two different scenarios for the reduction of bulk
mobility in polymer mixtures �AB� at low temperatures. The
first scenario is based on equilibrium properties. At the tran-
sition from the mixed to the demixed state, a delicate balance
exists between the loss of entropy and the decrease in energy
due to demixing. With increasing polymer length, both the
entropy loss and the energetic decrease grow, and the transi-
tion becomes sharper with change in temperature. Thus, in
polymer mixtures only a few degrees below the demixing
temperature, the minority concentration �dextran in gelatin-
rich domains and vice versa� is already negligible, ruling out

domain growth by bulk diffusion. The second scenario is
based on dynamical properties. A single dextran �gelatin�
molecule surrounded by gelatin �dextran� has the tendency to
collapse onto itself. This has the effect that its mobility de-
creases, which in turn suppresses domain growth due to bulk
diffusion. Both scenarios lead to the same conclusion: do-
main growth due to bulk diffusion is strongly suppressed in
polymeric mixtures.

The shallow-quench experiment is not so conclusive. The
larger growth exponent indicates that both surface and bulk
diffusion contribute to coarsening, and we are in a crossover
regime between �=1/4 and 1/3. The bulk mobility is en-
hanced at higher temperatures where A-rich bulk domains
contain significant amounts of B, and vice versa. At this
stage, it is relevant to make some general remarks about the
crossover of growth exponents. Kendon et al. �22� have re-
ported results from comprehensive lattice Boltzmann simu-
lations of phase separation in low-viscosity fluids, where hy-
drodynamic effects are important. They find that the
crossover from the viscous hydrodynamic regime to the in-
ertial hydrodynamic regime is extremely slow and extends
over several decades in time. As we will discuss later, the
crossover from the surface-diffusion regime to the bulk-
diffusion regime may also be highly extended. Therefore,
one would need experimental �or numerical� data over sev-
eral decades to clearly demarcate different growth regimes.

Our experiments are performed under conditions in which
gelation takes place, so as to achieve a high viscosity and
thereby suppress any hydrodynamic effects. An interesting
issue is whether the gelation does more than only increasing
the viscosity; does it suppress domain growth also in other
ways? Since individual dextran molecules can still reptate
through the gelatin, and since individual gelatin molecules
are moving in an environment of dextran which does not
gelate, there is no reason why domain growth through bulk
diffusion would be suppressed as a direct consequence of
gelation.

III. NUMERICAL DETAILS AND RESULTS

We have also performed extensive simulations of spinodal
decomposition in a quasibinary polymer mixture. The spe-
cific model that we used is a lattice polymer model. Poly-
mers with N bonds are described in this model as self-
avoiding and mutually avoiding walks on a face-centered-
cubic �fcc� lattice. The polymers move by a sequence of
single-monomer jumps to nearest-neighbor lattice sites. For
monomers that are neighbors along the same polymer, the
steric interactions are lifted �and a site can thus be occupied
by two or more adjacent monomers�, as this allows enhanced
reptation. A two-dimensional version of the model is illus-
trated in Fig. 2. This model is described in detail by Heuke-
lum and Barkema �23�.

Both reptation and Rouse dynamics are captured qualita-
tively in this model. Therefore, it can be used to study dy-
namical properties with some degree of realism, as long as
hydrodynamic interactions are not essential. The main ad-
vantage of this model lies in its computational efficiency:
elementary moves take only a few nanoseconds of CPU

FIG. 1. Time dependence of length scale from experiments,
plotted on a log-log scale. We study a deep quench to 1 °C �left
frame� and a shallow quench to 5 °C �right frame�. The lines denote
the best linear fits to the experimental data. The corresponding
growth exponents are L��t− t0�0.25 �left� and L��t− t0�0.29 �right�.
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time, in contrast to microseconds in other polymer models. It
has previously been used to study the fractionation of poly-
dispersed polymer mixtures �24�, diffusion and exchange of
adsorbed polymers �25�, desorption of polymers �26�, and
translocation of polymers through membranes �27�.

The current study involves 128 000 polymers, each con-
sisting of N=50 bonds and connecting 51 monomers. These
are located on a three-dimensional fcc lattice with 8�106

sites and periodic boundary conditions. Half of the polymers
are labeled as type A and the other half as type B. Polymers
of different type repel each other: The total energy is equal to
the number of pairs of neighboring sites occupied by
different-type polymers, multiplied by an energy scale J. If
an attempted Monte Carlo move increases the total energy
by �E, the acceptance probability of this move is
Pa=exp�−��E�, where �=1/ �kBT� is the inverse tempera-
ture. Moves that do not raise the total energy are always
accepted.

The simulations start from a mixed state, generated as an
equilibrium configuration at high temperature ��=0�. At
t=0, the temperature is quenched to either �J=0.05 or
�J=0.1. At these low temperatures, the repulsive AB inter-
actions induce phase separation into domains rich in either A
or B. The size of these domains grows in time—evolution
snapshots for a typical run are shown in Fig. 3. To charac-
terize domain growth, we assign to lattice site i occupied by
an A-type �B-type� polymer the spin value 	i= +1 �−1�. The
domain size is defined as the distance � of the first zero
crossing of the spatial correlation function of 	i, and we
measure it at various times. The time dependence of ��t� is
shown in Fig. 4 on a log-log scale. After an initial transient

regime, both data sets �for �J=0.05,0.1� are consistent with
the growth law ��t�� t1/4 over extended time regimes, viz.,
� two decades for �J=0.05 �denoted by circles�, and �2.5
decades for �J=0.1 �denoted by squares�.

This growth law is consistent with phase separation via
surface diffusion. The reduction in bulk mobility in our
simulations is due to low-temperature dynamics. In the con-
text of the Kawasaki spin-exchange model for phase separa-
tion, this can be understood by focusing on an interfacial pair
with the minimum barrier for interchange: 	i= +1 at the pe-
riphery of an up-rich domain and having only one neighbor
with the same spin value, and 	 j =−1 in a down-rich domain.
At low temperatures, the bulk domains are very pure and the
energy barrier to the interchange 	i↔	 j is qJ, where q is the
number of nearest neighbors of a site. Thus, the time scale
for this interchange 
K�exp���H�→� as T→0, effec-
tively blocking bulk diffusion. Of course, once an impurity
spin is placed inside a bulk domain, there is no further bar-
rier to its diffusion.

FIG. 2. Two-dimensional version of the lattice polymer model
used in our simulations. In the upper polymer, interior monomers 2,
4, 6, 9, 10, and 11 can either diffuse along the tube or move side-
ways; monomer 7 can join either 6 or 8; the end monomers 1 and 12
can move to any vacant nearest-neighbor site. In the lower polymer,
interior monomers 3, 5, 6, 10, and 11 can either diffuse along the
tube or move sideways; monomer 1 can move to any vacant
nearest-neighbor site, and monomer 12 can join its neighbor 11. All
other monomers are immobile.

FIG. 3. Evolution pictures from simulations of spinodal decom-
position in polymer mixtures. The details of the simulation are de-
scribed in the text. The quench temperature was �J=0.1, and the
system size is 2003. The pictures show a typical cross section of the
three-dimensional lattice. The species A is marked in black, and the
species B is not marked. The time in Monte Carlo steps �MCS� is,
from left to right, t=2776, 160 065, and 9 230 100 MCS.

FIG. 4. Time dependence of length scale from simulations, plot-
ted on a log-log scale. The time is measured in MCS. We show data
for quenches to �J=0.05 �circles� and 0.1 �squares�. The lines cor-
respond to the growth law ��t�� t1/4.
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IV. GROWTH EXPONENTS DUE TO SURFACE
AND BULK DIFFUSION

The above experimental and numerical results can be un-
derstood in the following theoretical framework �8�. The ki-
netics of diffusion-driven phase separation is described by
the Cahn-Hilliard model �1–4�:

�

�t
��r�,t� = �� · �D����� �F

�
	
 , �1�

where ��r� , t� is the order parameter at space point r�
and time t. Typically, ��r� , t���A�r� , t�−�B�r� , t�, where
�A and �B denote the local densities of species A and B. We
have neglected thermal fluctuations in Eq. �1�, and
considered the general case of a �-dependent mobility
D��� �28–30�. Further, F��� denotes the Helmholtz poten-
tial, which is usually taken to have the �4 form: F���
��dr��−�2 /2+�4 /4+ ��� ��2 /2�, where we have used the
order-parameter scale and the bulk correlation length to ex-
press F��� in dimensionless units. The A- and B-rich do-
mains correspond to �= +1 and −1, respectively.

Let us consider a situation where the mobility at the in-
terfaces ��=0� is Ds and that in the bulk ��= ±1� is Db, with
Db�Ds. As stated earlier, this difference in interfacial and
bulk mobilities can result from low-temperature dynamics,
where there is a high-energy barrier for an A atom to enter a
B-rich bulk domain and vice versa. Alternatively, physical
processes like glass formation �31� or gelation �32,33� can
also result in a drastic reduction in bulk mobility. A simple
functional form for the mobility in the above case is
D���=Ds�1−c�2�, where c=1−Db /Ds. Notice that
0�c�1 for Db�Ds. Thus, Eq. �1� can be written as

�

�t
��r�,t� = �� · ��1 − c�2��� �− � + �3 − �2��� , �2�

where we have absorbed Ds into the time scale.
Equation �2� can be decomposed as �6�

�

�t
��r�,t� = �1 − c��2�− � + �3 − �2��

+ c�� · ��1 − �2��� �− � + �3 − �2��� , �3�

where the first and second terms on the right-hand side cor-
respond to bulk diffusion and surface diffusion, respectively.
The bulk-diffusion term is absent in the limit c=1 �Db=0�.
Further, the surface diffusion term is only relevant at
interfaces, where ��0. The location of the interfaces
r�i�t� is defined by the zeros of the order-parameter field
��r�i�t� , t�=0. Let us focus on a particular interface in the
d-dimensional case. We denote the normal coordinate as n
and the interfacial coordinates as a� . Then, the normal inter-
face velocity vn�a� , t� obeys the equation �5,6�

4� da�� G�r�i�a��,r�i�a�� ��vn�a�� ,t�

� �1 − c�	K�a� ,t� + 4c� da�� G�r�i�a��,r�i�a�� ���2K�a�� ,t� .

�4�

Here, K�a� , t� is the local curvature at point a� on the interface,

and 	 is the surface tension. The Green’s function G�x� ,x�� � is

obtained from −�2G�x� ,x�� �=�x� −x�� �.
A dimensional analysis of Eq. �4� yields the growth

laws due to surface and bulk diffusion. The scales of
various quantities are as follows: �da����d−1, �G���2−d,
�vn��d� /dt, �K���−1. This yields the crossover behavior of
the length scale as

��t� �  �ct�1/4, t � tc,

��1 − c�	t�1/3, t � tc,
� �5�

where tc�c3 / ��1−c�4	4�. Notice that the asymptotic regime
obeys the LS growth law, which is characteristic of growth
driven by bulk diffusion. However, the crossover to the LS
regime can be strongly delayed if the bulk mobility is sup-
pressed relative to the surface mobility, i.e., Db /Ds→0 or
c→1. Note that the mobility of individual dextran �gelatin�
molecules in a dextran- �gelatin-� rich environment does not
lead to domain growth.

V. SUMMARY AND DISCUSSION

Let us conclude this paper by summarizing the results
presented here. First, we presented results from light-
scattering studies of phase-separation kinetics in gelatin-
dextran-water mixtures. We can neglect hydrodynamic ef-
fects in these mixtures as the fluid velocity field is rapidly
dissipated due to high viscosity. Therefore, domain growth is
driven by the diffusive transport of material. For deep
quenches, the domain growth law is compatible with
��t�� t1/4 over an extended time regime. This slower growth
arises because there is a strong suppression of mobility of the
minority species in the bulk domains of the other species.
Therefore, domain growth is primarily driven by diffusive
transport along interfacial regions, which gives rise to a
t1/4-growth law.

Second, we presented results from a large-scale simula-
tion of spinodal decomposition in a quasibinary polymer
mixture. Again, domain growth in this system is compatible
with phase separation driven by surface diffusion. Under-
standing the mechanism of demixing not only is important
for identifying the domain growth exponent, it is also a pre-
requisite for obtaining control over the structure formation.
We hope that the results presented here will stimulate further
experimental and numerical interest in this problem.
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