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We study a dynamical model of a system with two disparate energy scales, and focus on the
kinetics of phase separation. In this model, nearest-neighbor monomers can interact with one of
two quite distinct energies, thereby describing a system with, e.g., van der Waals and hydrogen
bond interactions. While the model has been described by an effective Ising model in equilibrium,
the nonequilibrium dynamics of phase separation have never been explored. Here we use Monte
Carlo computer simulations of spinodal decomposition to show that the model exhibits “pinning”
of the structure factor, a behavior also seen in phase-separating polymer gels and binary alloys with
impurities. The rate of strong bond formation depends on an entropic parameter 2, and we find both
the pinned domain size and the crossover time between “normal” spinodal decomposition and the
pinning scale with Q as power laws with exponents that relate simply to the usual growth exponent.
We propose a specific mechanism for pinning that permits the prediction of exact values for the
pinning exponents. Finally, we discuss applications of the model to binary alloys with quenched

disorder and polymer gels.

PACS number(s): 64.60.Ak, 82.70.Gg

I. INTRODUCTION

Investigation of the phenomenon of spinodal decom-
position has been a focus of attention for many years
[1,2]. Specifically, the kinetics and resulting morphology
of binary mixtures—such as alloys and polymer blends—
undergoing phase separation via spinodal decomposition
is of both technological and fundamental importance.
During spinodal decomposition, a binary mixture that is
suddenly quenched into the unstable region will develop
long-wavelength fluctuations in concentration that grow
with time. As the mixture evolves toward its new equi-
librium state consisting of two homogeneous phases, the
strong nonlinearity of the spinodal decomposition process
produces an interconnected morphology that coarsens
with time. In many situations, however, competing phe-
nomena may interfere with phase separation. For exam-
ple, it has been suggested that binary alloys undergo-
ing continuous ordering or spinodal decomposition in the
presence of quenched impurities do not exhibit the usual
power-law domain growth, but instead display extremely
slow nonalgebraic domain growth [3-6].

Theoretical models such as the Ising lattice gas model
[7], time-dependent Ginzburg-Landau models [8] and,
most recently, cell dynamical models [9] have success-
fully elucidated the basic spinodal decomposition process
observed in pure binary mixtures. Recently, a number
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of groups have begun to extend these models to more
complicated systems. For example, Monte Carlo simu-
lations have been used to investigate phase ordering in
alloys (i.e., Ising and Potts models with nonconserved
order parameter) with quenched and diffusing impurities
[4,10,11], spinodal decomposition in alloys with mobile
vacancies [12], and spinodal decomposition of a binary
fluid within a rigid gel [13]. Ginzburg-Landau models
have been used to study spinodal decomposition of bi-
nary fluids both with surfactants [14] and within a rigid,
porous medium [15], as well as spinodal decomposition of
spin systems and binary alloys in the presence of random
fields [16]. Cell-dynamical models have been applied to
both magnets and binary alloys with quenched impurities
[5,6].

In each of these studies, the concentration of impuri-
ties (or the distribution of fields, or the boundary that
affects the phase separation) does not change with time.
While such models may describe many actual situations,
one can draw a distinction between these situations and
ones in which a time-dependent process competes with
the phase-separation process [17]. For example, poly-
mer solutions and polymer blends simultaneously phase-
separating and cross-linking can also display unusually
slow kinetics, and in some cases pinning of the structure
by the cross-linked network is observed [18,19]. Chemical
reactions such as transesterification of polymer chains,
which induces homogeneity and miscibility in polymer
blends, can also interfere with phase separation and cause
domain growth to be arrested [20]. Pinning has even
been observed in the spinodal-like growth of colloidal ag-
gregates [21].

In an effort to understand the effect of competing pro-
cesses on the kinetics of spinodal decomposition in such
systems, we study a microscopic model containing two
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disparate energies. We show using Monte Carlo (MC)
computer simulations that this model exhibits many of
the important features observed in experiments, particu-
larly the phenomenon of pinning during phase separation
[22]. This paper is organized as follows. In Sec. II we
present the model, and in Sec. III we discuss the equilib-
rium properties of the model. In Sec. IV we present re-
sults of MC computer simulations exploring the kinetics
of phase separation of the model system following a criti-
cal quench into the unstable region of the phase diagram.
We discuss one important limit of this model in which
we recover the kinetic properties of the Ising lattice gas.
Also, we show that for various choices of parameters our
model exhibits phenomena similar to those seen in var-
ious experiments, most notably a sudden pinning of the
structure factor during its evolution following the quench.
We propose a scaling theory for this phenomenon, which
we will show is consistent with the usual scaling theory of
ordinary spinodal decomposition. In Sec. V we propose
a theory for the pinning mechanism which is motivated
by results from previous models of ordering in systems
with quenched disorder [4]. This theory allows us to ac-
curately predict the pinning exponents observed in the
simulations. In Sec. VI, we summarize the results of our
simulations, discuss the possible ramifications of our re-
sults with respect to interpretation of experiments and
previous models, and comment on possible future direc-
tions of research.

II. THE MODEL

The basic model was originally introduced as a model
for weak gels [23]. It consists of a lattice of binary oc-
cupation variables representing monomers and solvent
molecules, with the key feature that two nearest-neighbor
monomers can interact with two different energies.

In the usual Ising lattice gas model, sites of a lattice
are occupied with either monomers (denoted by “m”)
or solvent molecules (denoted by “s”) which have the
following nearest-neighbor interactions:

—W,s = solvent-solvent interaction energy .
—Wwms = monomer-solvent interaction energy .
—€mm = monomer-monomer interaction energy .

We further allow nearest-neighbor monomers to inter-
act in two different ways. We assume that there are Q
“weak” bonding configurations between nearest-neighbor
monomers with interaction energy —J, and one “strong”
bonding configuration with interaction energy —FE. The
weak bonding configuration can be thought of as origi-
nating from a van der Waals attraction, while the strong
bonding configuration can be thought of as occurring
only when the two monomers are in a particular orienta-
tion and are hydrogen-bonded together. Thus there are
Q + 1 total possible bonding configurations, with energy

—J if monomers interact weakly
~€mm = —E

if monomers interact strongly .

where |E| > |J|. At any given time, each nearest-
neighbor monomer-monomer pair must independently be
in one of the €2 4+ 1 possible bonding configurations.

During the course of the simulation, each bond is up-
dated according to the standard Metropolis MC scheme
[24] by randomly choosing one of the Q + 1 possi-
ble configurations and calculating the Boltzmann factor
exp (—AHyond/kBT), where A Hypopnd is the difference be-
tween the final bonding energy and the initial bonding
energy of the pair.

Monomers and solvent molecules are exchanged using
the Kawasaki Monte Carlo algorithm, whereby each time
step the pair is exchanged with a probability given by

Pexchange = min [17 exp(_AHexch/kBT)] . (21)
Here AH.yq, is the difference between the final nearest-
neighbor interaction energy and the initial nearest-
neighbor interaction energy. We require that a monomer
has no strong bonds with any of its neighbors at the time
it attempts an exchange. In this way the breaking of a
strong bond between two monomers is independent of
an attempted exchange of one of those monomers. This
dynamics obeys the necessary detailed balance condition
required to ensure that the system achieve equilibrium.

One MC step (MCS) includes an update of all
monomer-monomer pair interactions, as well as an at-
tempted exchange of (on average) every nearest-neighbor
monomer-solvent pair. Note that, for the bond update
dynamics as well as for the Kawasaki exchange dynam-
ics, there is a time constant 7 implicitly associated with
each process that sets the physical time scale. We take
both time constants equal to one for our simulations. In
real systems, these time constants may be concentration
and temperature dependent and must be explicitly con-
sidered for direct comparison of the simulation results to
experiment. For example, in a binary alloy, the diffusion
coefficient for the atoms is temperature dependent; in
collagen, the rate at which cross-links are formed is also
temperature dependent.

III. EQUILIBRIUM PROPERTIES

In equilibrium, our dynamic model reduces to the equi-
librium model of Ref. [23]. In particular, Ref. [23] showed
that if one takes an annealed average over all possible
monomer-monomer interactions, the partition function
for this system can be written as

Z = Z, Z exp | B | pes Z 7(_;-“ + Weg Z 771’,“7(;11
e J i

(3.1)

Here 7 is equal to 1 (0) if a site is occupied by a
monomer (solvent molecule), p.g is an effective chem-
ical potential, Z, is the partition function of the pure
solvent, and

































