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We study nucleation in binary polymer blends in the presence of mesoscopic spherical particles
using self-consistent field theory, considering both heterogeneous and homogeneous nucleation
mechanisms. Heterogeneous nucleation is found to be highly sensitive to surface selectivity and
particle size, with rather subtle dependence on the particle size. Particles that preferentially adsorb
the nucleating species generally favor heterogeneous nucleation. For sufficiently strong adsorption,
barrierless nucleation is possible. By comparing the free energy barrier for homogeneous and
heterogeneous nucleation, we construct a kinetic phase diagram. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1761053#

I. INTRODUCTION

The dynamics of first-order phase transitions often in-
volve heterogeneous nucleation owing to the ubiquitous ex-
istence of foreign particles that act as nucleation centers. For
phase separation in polymer blends, small molecules~air,
moisture!, container wall, dust particles, or even polymers of
different molecular weight can play the role of nucleation
centers. The study of heterogeneous nucleation is thus of
both theoretical interest and practical importance.

In comparison with homogeneous nucleation, heteroge-
neous nucleation exhibits several distinct features. Unlike
homogeneous nucleation which is activated through random
thermal fluctuations, heterogeneous nucleation always occurs
at the location of the nucleating centers in a repeatable and
deterministic manner. Another hallmark of the heterogeneous
nucleation is the nearly monodisperse droplet distribution
during the early stages of mechanism. Evidence of heteroge-
neous nucleation has been reported by Cumminget al. in
binary polymer blends using light scattering technique.1 In
addition, for heterogeneous nucleation, there exists a thresh-
old supersaturation beyond which nucleation becomes spon-
taneous~i.e., barrierless!.2

In spite of its ubiquity and richness, there has been a
dearth of experimental and theoretical work on heteroge-
neous nucleation; this is especially true for liquid-liquid
phase separation in polymer blends. Existing heterogeneous
nucleation theories are primarily concerned with gas to liq-
uid transition.2–8 Bykov and Zeng studied gas to liquid

nucleation on mesoscopic particles by combining density
functional theory~DFT! with classical nucleation theory.2

Padilla and Talanquer investigated gas to liquid nucleation
on aerosol particles3 and Talanquer and Oxtoby examined
gas to liquid nucleation on solid substrate,4 both using DFT.
DFT was also used to study the effect of the sign of charged
particles in ion-induced nucleation of dipolar molecules.5–8

To date, we are not aware of any theoretical work on hetero-
geneous nucleation in the liquid-liquid phase separation of
polymer blends; the work presented here is an attempt at
filling this gap.

Heterogeneous nucleation on particles is closely related
to adsorption and wetting on foreign surfaces, which have
been studied extensively with DFT,5 the self-consistent field
theory ~SCFT! ~Ref. 9! and computer simulations.10 As in
adsorption and wetting, heterogeneous nucleation on a par-
ticle surface depends on the surface property and its
geometry.5,7 In the case of polymer blends, depending on the
particle size, we expect heterogeneous nucleation to take
place in two ways: for mesoscopic spherical particles of sizes
of the radius of gyration of the polymers or less, a spherical
nucleus should form uniformly centered around the particles
~complete wetting!, while for larger particles, a more realistic
scenario is to form a microlens shaped nucleus localized on
the surface~partial wetting!. In this study, we consider the
first possibility.

For heterogeneous nucleation, the free energy barrier is
the reversible work of formation of a critical nucleus from
the metastable, fluid-solvated particle. The surface selective
adsorption affects the free energy of both the metastable and
critical nucleus. While the effects of surface selectivity on
the metastable nucleus can be understood from studying the
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properties of equilibrium states, those on the critical nucleus
cannot be deduced from the equilibrium properties. Direct
theoretical studies are thus required to understand the effects
of foreign particles on nucleation.

In this paper, we study heterogeneous nucleation in bi-
nary polymer blends in the presence of mesoscopic particles
using the SCFT. For simplicity, the spherical particles are
modeled as impenetrable hard spheres with specific surface
selective interactions with the polymers. Our theoretical con-
sideration of heterogenous nucleation is facilitated by the
recent development of SCFT applied to homogeneous nucle-
ation of polymer blends.11–13 As demonstrated in Ref. 11,
SCFT provides a unified description of nucleation at the
mean-field level over the entire metastable region, particu-
larly in the intermediate portion between the binodal and
spinodal where neither Cahn-Hilliard theory14–16 nor the
classical theory15,16 are reliable. Here we wish to understand
how the surface selectivity and sizes of particles affect the
heterogeneous nucleation and the competition between het-
erogeneous and homogeneous nucleation in blends contain-
ing mesoscopic particles.

The rest of this paper is organized as follows: In Sec. II,
we briefly describe the SCFT of heterogeneous nucleation in
polymer blends in the presence of spherical particles and the
solution method for determining the metastable and the criti-
cal nucleus. The main results are presented and discussed in
Sec. III. We first present the density profiles of the meta-
stable and the critical nucleus, and then highlight the depen-
dence of the free energy barrier for nucleation on the surface
selectivity and sizes of particles, and finally, analyze the
range of heterogeneous nucleation by comparing with homo-
geneous nucleation. The main findings and possible exten-
sions are summarized in Sec. IV.

II. THEORY AND METHODOLOGY

A. Self-consistent field theory

We consider an incompressible binary polymer blend
A/B around a mesoscopic spherical particle. The polymers
are modeled as Gaussian chains of degrees of polymerization
Nk (k5A,B) and for simplicity bothA andB monomers are
assumed to be of the same monomeric volumev and Kuhn
lengthb. We choose units for the volume so thatv51. For
studying nucleation in the metastable bulk phase, it is con-
venient to work in the grand canonical ensemble with chemi-
cal potentialsmk . Because the chemical potentials of the
components in an incompressible mixture are not indepen-
dent, we setmB50. The grand potential can be written as

bG@fA ,fB ,vA ,vB ,j#

5E dr@xfA~r !fB~r !2H~r !fA~r !1H~r !fB~r !#

2E dr$vA~r !fA~r !1vB~r !fB~r !

2j~r !@fA~r !1fB~r !21#%

2
exp~bmANA!

NA
QA@vA#2

1

NB
QB@vB#, ~1!

where b51/(kBT) and x is Flory-Huggins interaction pa-
rameter.fk is the volume fraction of monomerk, vk is the
self-consistent molecular field conjugate tofk , andj is an
effective pressure field to ensure the local incompressibility
of the binary blend.H(r ) is the interaction potential due to
the spherical particle to be specified later.

In Eq. ~1!, Qk is the single chain partition function of
chaink in the presence of external fieldvk :

Qk@vk#5E drqk~r ,Nk! ~k5A,B!, ~2!

where the end-segment distribution functionqk(r ,Nk) is ob-
tained from solving the modified diffusion equation with the
initial condition qk(r ,0)51,

F ]

]t
2
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6
¹ r

21vk~r !Gqk~r ,t!50 ~k5A,B!. ~3!

The self-consistent field equations are obtained by a
variational extremization of the grand potential with respect
to fA , fB , vA , vB , j, respectively, which yields

vA5xfB2H1j, ~4!

vB5xfA1H1j, ~5!

fA5
exp~bmANA!

NA
E

0

NA
dtqA~r ,t!qA~r ,NA2t!, ~6!
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NB
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fA1fB51. ~8!

By applying the self-consistent field equations to the ho-
mogeneous bulk state with volume fractionsfA

0 andfB
0 , the

chemical potential of speciesA can be determined as

bmA5
1

NA
ln fA

02
1

NB
ln fB

01x~122fA
0 !. ~9!

With this expression for the chemical potential, the self-
consistent field equation set can be solved to determine the
metastable and critical nucleus. The free energy barrier for
heterogeneous nucleation is defined as the work of formation
of a critical nucleus from the metastable nucleus~i.e., the
particle solvated by the metastable blend!, that is, the free
energy difference between the critical nucleus and the meta-
stable nucleus,

DF* 5G* $fA* ,fB* ,vA* ,vB* ,j* %

2Gm$fA
m ,fB

m ,vA
m ,vB

m ,jm%, ~10!

where the superscripts* andm denote the quantities of the
critical nucleus and of the metastable nucleus, respectively.
For simplicity of notation, we will omit the asterisk* in the
quantities for the critical nucleus. As a measure for the en-
hancement of the nucleating species, we follow Ref. 11 and
define a material excessMex as Mex[4p* r p

` r 2dr@fA(r )

2fA
0 #, wherer p is the radius of the particle.
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B. Method

For heterogeneous nucleation, both the metastable
nucleus and the critical nucleus must be determined by solv-
ing the self-consistent field equations numerically. The meta-
stable nucleus is obtained by a simple iterative scheme using
the homogeneous bulk state as the initial solution. However,
since the critical nucleus is the maximum of the free energy
with respect to the material excess, the self-consistent field
equations must be solved under the constraint of a specified
material excess. For further details, we refer the readers to
Ref. 11. Here we show in Fig. 1 a typical free energy surface
along the material excess coordinate for heterogeneous
nucleation (Nx52.5, r̃ p52.5, andL52.1; dimensionless
quantities introduced in Sec. III are used!. The critical
nucleus is identified with the maximum and the metastable
nucleus is identified with the minimum. For comparison, we
also include the free energy surface for homogeneous nucle-
ation at the same bulk condition.

The particle is modeled as an impenetrable spherical par-
ticle of radiusr p with surface interactionH(r ) with poly-
mers. For a blend of components of the same molecular
weight we consider in this paper, the total density fluctuation
very near the surface is negligible. Therefore, we adopt the
reflective boundary condition on the particle surface.17 We
choose a short-ranged surface potential of the formH(r )
5Lh(r ), whereL is the strength of the potential, andh(r )
is defined such that, ifr p<r<r p1r c wherer c is some cutoff
distance from the surface of the sphere,h(r )51; otherwise,
h(r )50. In our calculation, we setr c5(1/30)N1/2b. Note
that the particle attracts componentA if L is positive and
repelsA if L is negative. Because of the incompressibility,
attraction of one of the polymer species means repulsion of
the other.

III. RESULTS AND DISCUSSION

In order to focus on the effects of the particle, we take
both polymer species to be of the same degree of polymer-
ization, that is,NA5NB5N. To make the results applicable

to generalN, we characterize the incompatibility of the two
polymer species byNx and introduce the following dimen-
sionless properties:r̃[ r (N1/2b), M̃ex[ Mex(N3/2b3), G̃

[ bGv(N1/2v/b3), andDF̃[bDFv(N1/2v/b3).
Heterogeneous nucleation on mesoscopic spherical par-

ticles shares some common characteristics with homoge-
neous nucleation. For homogeneous nucleation, as the blend
immiscibility increases from the coexistence to the spinodal,
the critical nucleus crosses over from a nearly uniform core
with a well-defined interface to a diffusive profile, and the
free energy barrier for nucleation decreases monotonously
from the coexistence where it diverges to the spinodal where
it vanishes. Heterogenous nucleation exhibits similar quali-
tative behavior upon varying the immiscibility. However, the
existence of the foreign particle gives rise to some new fea-
tures.

In the following discussion, we first present the density
profiles of the metastable and critical nucleus, and then dis-
cuss the dependence of the free energy barrier for heteroge-
neous nucleation on the surface selective potential and par-
ticle size in connection with the density profiles, and lastly,
examine the competition between heterogeneous and homo-
geneous nucleation. Only the results withfA

050.16 are pre-
sented here; thusA is the nucleating species. No new quali-
tative effects are expected by changingfA

0 . At fA
050.16,

the metastable region is bounded by (Nx)coex52.44 at the
coexistence curve and (Nx)s53.72 at the spinodal. The
complete phase diagram is given in Ref. 11 and will not be
reproduced here. On physical grounds, we expect that het-
erogeneous nucleation is favored over homogeneous nucle-
ation only when the particle attracts the nucleating species,
i.e., L.0. (L.0 is a necessary but not a sufficient condi-
tion to favor heterogeneous nucleation; see Sec. III C.! How-
ever, for completeness and also for comparison, we include
results forL,0 as well.

A. Density profiles of critical nucleus
and metastable nucleus

The density profiles of the critical nucleus and the meta-
stable nucleus at different conditions are compared in Figs. 2
and 3. Figures 2~a!–2~c! show the comparison of density
profiles at different surface potentials and fixed particle size
and immiscibility, Figs. 2~d!–2~f! show the density profile
comparison among different values of immiscibility at fixed
particle size and surface potential, and the comparison of
density profiles at different particle sizes and fixed surface
potential and immiscibility is shown in Figs. 3~a! and 3~b!.

Whereas in the case of homogeneous nucleation the
metastable state is the uniform bulk state, for heterogeneous
nucleation around a particle, the metastable state, referred to
as the metastable nucleus in this paper, corresponds to the
particle solvated by the blend medium. The metastable
nucleus is a local minimum in the free energy and its prop-
erties can be justified on the grounds of equilibrium consid-
erations. In the metastable nucleus, one species is enriched
around the particle surface due to the surface selective inter-
action at the expense of the translational entropy of the ad-
sorbed species, with an attended increase~decrease! in the
enthalpic contribution@the first term in Eq.~1!# near the sur-

FIG. 1. Excess free energy as function of material excess for heterogeneous
nucleation atfA

050.16, Nx52.5, r̃ p52.5, andL52.1 ~squares!. The criti-
cal nucleus is marked by the star and the metastable nucleus is marked by
the circle. The excess free energy for homogeneous nucleation at the same
bulk condition is included for comparison~dots!. For these parameters,
heterogeneous nucleation requires a smaller barrier.
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face if the surface absorbs the minor~major! species. Thus
the metastable nucleus exhibits monotonic density variation
along the radial direction in Figs. 2 and 3.

The general feature to be observed in Figs. 2~a!–2~c! is

that for given a particle size and blend immiscibility, the
metastable nucleus withL.0 always exhibits larger adsorp-
tion than that withL,0 for the same magnitude ofL. This
is a result from the composition asymmetry: since the major

FIG. 2. Representative density profiles of critical nucleus and its corresponding metastable nucleus atfA
050.16. The thick lines correspond to the critical

nucleus, while the thin lines are for the metastable nucleus. Distance is normalized byN1/2b. ~a!–~c! Variation of the density profiles with the surface potential;
~d!–~e! variation of the density profiles with the immiscibility.

FIG. 3. Representative density profiles
of critical nucleus and its correspond-
ing metastable nucleus at different par-
ticle sizes andfA

050.16. The thick
lines correspond to the critical
nucleus, while the thin lines are for
the metastable nucleus. Distance is
normalized byN1/2b. ~a! Surface po-
tential L521.5; ~b! surface potential
L51.5.
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species already has a larger concentration around the sphere,
the same additional attraction by the sphere will lead to less
of an increase in its density than if the adsorbed species is the
minor, nucleating species. In both cases, the content~in the
sense of the material excess! of metastable nucleus grows
with increasinguLu, although the length scale is primarily
determined by the bulk correlation length of the blend.

Larger immiscibility, which corresponds to longer corre-
lation length, leads to larger metastable nucleus, as shown in
Figs. 2~d!–2~f!. The metastable nucleus also grows with in-
creasing particle size due to the increased surface interaction,
as can be seen from Figs. 3~a! and 3~b!.

In contrast to the metastable nucleus, features of the
critical nucleus are somewhat subtle and nonintuitive. The
way surface selectivity affects the density profiles of the
critical nucleus depends on the immiscibility. Near the bin-
odal, homogeneous nucleation involves dropletlike critical
nuclei with sharp interfaces and nearly uniform concentra-
tion inside the nuclei. In the case of heterogeneous nucle-
ation around particles near the coexistence, selective adsorp-
tion by the particle surface perturbs the uniform distribution
of the nucleating species and an additional interfacial layer
forms next to the particles surface inside the critical nucleus
as shown in Fig. 2~a!. Depending on the sign ofL, the nucle-
ating species can either show enrichment~for L.0) or
depletion~for L,0) near the particle surface. As we march
from the coexistence toward the spinodal, a diffusive and
monotonically decaying density profile of the critical nucleus
is expected for homogeneous nucleation. However, as shown
in Figs. 2~b! and 2~c!, heterogeneous nucleation on a particle
that preferentially adsorbs theB species requires the forma-
tion of a depletion layer of the nucleatingA species; nucle-
ation occurs outside of this depletion layer much like homo-
geneous nucleation in the bulk phase. More interestingly,
heterogeneous nucleation on a particle that prefers the nucle-
ating A species requires lower enrichment of theA species,
since the particle has the effect of cutting off the density
profile at r 5r p .

Upon close examination of the density profiles of the
critical nuclei, we can see that increasing the particle size has
similar qualitative effects to increasing the blend immiscibil-
ity. Very near the coexistence, the critical nucleus of homo-
geneous nucleation is much larger than the particles, and
therefore the presence of the particle has little effect on the
interface of critical nucleus; only the region very near the
surface is affected. Departing from the coexistence, the core
of critical nucleus of homogeneous nucleation decreases, and
when its size becomes comparable to the particle size, the
interface is perturbed, leading to a decrease in the enrichment
of the nucleating species. These features are shown in Fig. 3.
Increasing the size of the particle to around the size of the
critical nucleus of homogeneous nucleation or larger results
in a significant interruption of the interface of critical nucleus
and consequently a decease in the density of the nucleating
species on the particle surface. This behavior helps explain
the decrease in the free energy of critical nucleus, as will be
discussed further in the following.

Thus, in contrast to the metastable nucleus, the critical
nucleus withL.0 is always smaller than that withL,0

when the blend is well beyond the coexistence boundary, the
difference increasing with increasinguLu. As shown in Fig.
2~c!, when uLu increases, the critical nucleus shrinks forL
.0 and grows forL,0.

Because the size of the critical nucleus decreases and
that of the metastable nucleus increases withL, for large and
positive L, the two approach each other, and coincide at
some point. At this point, the free energy barrier for hetero-
geneous nucleation vanishes. However, the material excess
remains finite, as shown in Fig. 4. Barrierless heterogeneous
nucleation can also be achieved by increasing the particle
sizes and/or the blend immiscibility.

B. Free energy barrier for heterogeneous nucleation

The presence of foreign particles affects the free energy
barrier for heterogeneous nucleation through volume exclu-
sion, selective surface adsorption, and a concomitant change
in the enthalpic part of the free energy. We first discuss the
effects of the surface selectivity at fixed particle size and
blend immiscibility and then discuss the effects of the par-
ticle size.

The free energy barrier for nucleation on spherical par-
ticles decreases monotonically with increasing adsorption of
the nucleating species. Figure 5 shows the order in the free

FIG. 4. Dependence of the material excess of critical nucleus and metastable
nucleus on the blend immiscibility atL51.5, r̃ p51.0, andfA

050.16.

FIG. 5. Comparison of the free energy barrier as function of the immisci-
bility at fA

050.16 between homogeneous nucleation and heterogenous
nucleation on particles ofr̃ p51.0 with several values of the surface poten-
tials.
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energy barrier for heterogeneous nucleation on particles of
the same size (r̃ p51.0) at the same immiscibility: particles
adsorbing the nucleating component (L51.5),neutral
particles (L50),particles adsorbing the major
component (L521.5). If the sizes of particles and the im-
miscibility are fixed, the free energy barrier for heteroge-
neous nucleation decreases monotonically withL as shown
in Figs. 6 and 7 and drops precipitously whenL reaches
some value, after which point barrierless nucleation occurs.
The latter is corroborated by the overlap of the metastable
nucleus and the critical nucleus at the same value ofL. Fig-
ure 6 shows that the threshold surface potential to achieve
barrierless nucleation decreases with increasing the sizes of
particles. Similarly, Fig. 7 shows that increasing the immis-
cibility decreases the threshold value.

The dependence of the free energy barrier on the surface
potential results from a combination of two effects: the free
energy of the metastable nucleus increases withL while the
free energy of the critical nucleus decreases withL, as
shown in Fig. 8. The free energies of the metastable nucleus
and the critical nucleus are identified, respectively, from the
local minimum and maximum of the free energy curve along
the material excess coordinate as illustrated in Fig. 1. The
monotonic increase of the free energy of the metastable
nucleus can be understood by a simple random mixing argu-
ment. Assuming no change in the density profile of the com-
ponents, the interaction of the blend with the surface has the

form of (4p/3)L@( r̃ p1 r̃ c)
32 r̃ p

3#(fB2fA) @cf. Eq. ~1!#,
which justifies the nearly straight line behavior ofG̃ with L
as well as the change in sign atL50. More rigorously, how-
ever, the monotonic increase in the free energy for the meta-
stable nucleus results from a combination of surface adsorp-
tion, spatial inhomogeneity, and the concomitant change in
the enthalpic termxfAfB . The explanation of the mono-
tonic decrease of the free energy of the critical nucleus with
L is less straightforward. However, since the density of the
nucleating speciesA is higher than that of major bulk com-
ponentB inside the critical nucleus, heuristically we expect
the free energy to decrease if the particle adsorbs the nucle-
ating speciesA and to increase if the particle adsorbsB.

For sufficiently large and positiveL, i.e., when the par-
ticle adsorbs the nucleating species sufficiently strongly,
nucleation can become barrierless. As mentioned above,
upon increasing the surface potentialL selective to the
nucleating speciesA, the metastable nucleus grows and the
critical nucleus shrinks, and they approach each other. At a
threshold value ofL, the metastable nucleus and the critical
nucleus become identical; phase separation thus occurs spon-
taneously without any free energy barrier. Note that such
barrierless nucleation is different from spinodal decomposi-
tion or homogeneous nucleation at the bulk spinodal. In the
latter cases, the blend is unstable with respect to infinitesimal
fluctuation, whereas for barrierless heterogeneous nucleation,
the bulk blend is stable against small thermal fluctuations,
and phase separation starts from the local, large concentra-
tion fluctuation induced by the strong selective adsorption by
the particle. The mechanism takes on a distinct nucleation-
and-growth feature character and is associated with a finite
material excess as shown in Fig. 4. The concentration fluc-
tuation develops and grows radially around the nucleation
center, i.e., the particle, until it is interrupted by concentra-
tion fluctuation from another nucleus. Although barrierless
nucleation has been discussed in the gas to liquid transition,2

the mechanism has not received much attention in the phase
separation of polymer blends. When conditions are met for
barriarless nucleation to occur, homogeneous nucleation be-
comes irrelevant, and phase separation will follow a hetero-
geneous mechanism. The uniformly dispersed spherical

FIG. 6. Dependence of the free energy barrier for nucleation on the surface
potential at different particle sizes andfA

050.16.

FIG. 7. Dependence of the free energy barrier for nucleation on the surface
potential at different values of immiscibility andfA

050.16.

FIG. 8. Dependence of the grand potentials of critical nucleus and meta-
stable nucleus on the surface potential atNx52.6, r̃ p52.5, and fA

0

50.16. The grand potentials are calculated using the homogeneous bulk as
reference.
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droplets observed at early stage of phase separation in Ref. 1
may well be a manifestation of barrierless or nearly barrier-
less nucleation.

We now discuss the effects of particle size. An obvious
effect due to the presence of the particle is volume exclusion
inside the nucleus, whose influence on the free energy barrier
for nucleation can be understood readily in the framework of
the classical nucleation theory.5,6,18,19In the classical theory,
the free energy of the nucleus consists of a negative bulk
term and a positive interfacial term, and the critical nucleus
is determined by maximizing the free energy. In the absence
of selective surface adsorption, the free energy of a nucleat-
ing droplet around a spherical particle can be written as

DF54p~R32r p
3!~g2g0!/314pR2g, ~11!

whereg is the interfacial tension,g is grand potential density
of the incipient phase. The critical nucleus is determined by
the condition]DF/]R50, which yields

R52g/~g02g!. ~12!

Thus, the presence of a particle in the center of the nucleus
has no effect on the radius of critical nucleus, but decreases
the magnitude of the negative bulk term by an amount pro-
portional to the volume of the particle just as indicated in Eq.
~11!. This shifts the free energy upwards by a constant
amount 24pr p

3(g2g0)/3. When this effect is combined
with selective surface adsorption of the nucleating species,
the resulting dependence of the free energy barrier on the
particle size can be subtle and complicated. Below we exam-
ine the particle size effects at fixed surface potential and
blend immiscibility.

First we consider the case of neutral particles and par-
ticles adsorbing the major species. For neutral particles, as
shown in Fig. 9, the free energy barrier increases monotoni-
cally with increasing neutral particle sizes, reflecting ther̃ p

3

dependence of the volume exclusion effect alluded to above;
see the inset in this figure. Particles adsorbing the major
species show similar dependence. The free energy increase is
even larger compared to the neutral case because of the ad-
ditional surface selective adsorption of the non-nucleating
species. Note that for large particle sizes, the presence of the

particle interferes with the concentration profiles of the criti-
cal nucleus to the extent that the density of the nucleating
species on particle surface decreases, as shown in Fig. 3~a!,
which has the tendency to decrease the free energy of the
critical nucleus. As a result, the barrier increase with particle
size slows down at large particle sizes.

When the particles adsorb the nucleatingA species, the
free energy barrier exhibits nonmonotonic dependence on the
particle size. Figure 9 shows that at a fixed immiscibility, the
free energy barrier first decreases slightly, then increases and
then decreases again, as the particle size increases. Such a
behavior reflects the subtle competition between volume ex-
clusion and selective surface adsorption, both increasing
with the particle size but with opposing effects. For the meta-
stable nucleus, the material excess increases monotonically
with increasing particle sizes as shown in Fig. 10, and its free
energy increases correspondingly~not shown here! because
of the dominant enthalpic contribution from
x*drfA(r )fB(r ). In contrast, the effect of particle size on
the critical nucleus is complicated. When particles are small
relative to the critical nucleus of homogeneous nucleation
under the same conditions, the nucleating species is enriched
near the particle surface, and increasing the particle size de-
creases the material excess of the nucleating species as
shown in Fig. 10. This leads to a decrease in the free energy
barrier for heterogeneous nucleation. Upon further increasing
the particle size, however, although the density of the nucle-
ating species on particle surface decreases, overall the mate-
rial excess still increases, which in turn increase the free
energy of the critical nucleus. Since the increase of the ma-
terial excess for the critical nucleus is larger than that for the
metastable nucleus, the free energy barrier for nucleation in-
creases. However, when the particle size is large enough as
to interrupt the interface of critical nucleus of homogeneous
nucleation under the same conditions, the decrease of the
density of the nucleating species on particle surface becomes
significant. At the same time since the increase of the mate-
rial excess for the critical nucleus is less than that for the
metastable nucleus, the free energy barrier decreases again.
As we increase the blend immiscibility from the coexistence
towards the spinodal, the metastable nucleus grows due to
increased correlation length as mentioned before. On the

FIG. 9. Dependence of the difference of free energy barriers between het-
erogeneous and homogeneous nucleation on the cube of particle sizer̃ p

3 at

different values of surface potential,Nx52.6 andfA
050.16.DF̃h is the free

energy barrier for homogeneous nucleation at the same conditions.

FIG. 10. Dependence of the material excess of the critical nucleus and that
of the metastable nucleus for nucleation on the particle size atL51.5,
Nx52.6, andfA

050.16.
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other hand, the critical nucleus of homogeneous nucleation
shrinks near the coexistence, and grows but become very
diffusive near the spinodal, whose interface can be inter-
rupted by smaller particles. Thus the aforementioned behav-
ior takes place at smaller particle sizes, as shown in Fig. 11.
For sufficiently large immiscibility, the free energy barrier
becomes a rapidly decreasing, monotonic function. When the
particle adsorbs the nucleating species, it is possible to
achieve barrierless nucleation by increasing the blend immis-
cibility and/or particle size.

The competition between volume exclusion, surface se-
lective adsorption, and the concomitant change in the enthal-
pic part of the free energy is also manifested in Fig. 6. Al-
though at negative or small positive values ofL the free
energy barrier increases with particle size, the trend is
quickly reversed at larger values ofL. This suggests that the
volume exclusion and surface selective adsorption have the
same effects forL,0, the volume exclusion dominates for
low L.0, and the surface adsorption and the concomitant
change of the enthalpic part of the free energy dominate for
largerL.0, the effects being enhanced in the last case with
increasing the particle size.

C. Competition between heterogeneous nucleation
and homogeneous nucleation

In the presence of foreign mesoscopic particles, whether
nucleation occurs through the homogeneous or heteroge-
neous mechanism depends on the rates of these mechanisms;
the one with the larger rate is the dominant mechanism. As-
suming an Arrhenius relationship20 between the nucleation
rate and the free energy barrier and neglecting the preexpo-
nential kinetic factor, we can compare the nucleation rate by
comparing the free energy barrier for nucleation. Many fac-
tors including the local density profiles due to preferential
adsorption can have effects on the nucleation rate through
the preexponent factor. However, the determination of these
effects is a kinetic issue that is beyond the scope of this
paper. Since our interest here is not to determine the rate per
se but the dominant nucleation mechanism, and the free en-
ergy barrier enters in the exponential of the rate expression,
as a first approximation, it is reasonable to compare just the
free energy barrier for the different mechanisms.

In a binary polymer blend containing mesoscopic par-
ticles, phase separation in the metastable region can occur
through homogeneous nucleation, heterogeneous nucleation,
or barrierless nucleation. Figure 12 shows a representative
kinetic phase diagram which delineates the boundaries be-
tween the different nucleation mechanisms. When the par-
ticle adsorbs the major component or is nonselective~i.e.,
L<0), homogeneous nucleation dominates regardless of
particle size. This dominance persists even for particles that
slightly attract the nucleating species because of the domi-
nant volume exclusion effect. For largerL.0, the barrier for
heterogeneous nucleation decreases relative to that for the
homogeneous nucleation, and whenL is sufficiently large,
heterogeneous nucleation becomes favored over homoge-
neous nucleation. Small-sized particles are more effective in
inducing heterogeneous nucleation, as clearly seen in the fig-
ure. As the particle size increases, stronger attraction of the
nucleating species~i.e., largerL! is required for the change-
over from homogeneous to heterogeneous nucleation mecha-
nism. For even larger particle sizes, the heterogeneous/
homogeneous boundary decreases~though only slightly!
again. In the region where heterogeneous nucleation is fa-
vored, for sufficiently largeL, increasing the particle size
and/or surface selective potential decreases the free energy
barrier, eventually leading to barrierless nucleation. Note that
for large particle sizes, the region for heterogeneous nucle-
ation with a finite nucleation barrier is quite narrow and
shrinks further with increasing particle sizes; this reflects the
rapid decrease of the free energy barrier with the increasing
strength of adsorption for the nucleation component at large
particle sizes.

The qualitative features of the kinetic phase diagram is
consistent with our discussion of the free energy barrier. For
example, the nonmonotonic boundary between homogeneous
and heterogeneous nucleation reflects the competition be-
tween surface selective adsorption and volume exclusion.
When the particles are much smaller than the critical nucleus
for homogeneous nucleation, surface adsorption dominates
over volume exclusion in the free energy barrier. Upon in-
creasing the particle size, the surface selective potential at

FIG. 11. Dependence of the free energy barrier for nucleation on the particle
size at different values of immiscibility,L51.5 andfA

050.16. FIG. 12. Representative kinetic phase diagram showing the boundaries be-
tween regions of homogenous nucleation, heterogeneous nucleation, and
barrierless nucleation. The square-marked lines denote the boundary be-
tween homogeneous and heterogeneous nucleation, and the circle-marked
lines denote the boundary for barrierless nucleation.
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the homogeneous/heterogeneous boundary needs to increase
to off-set the increased volume exclusion effect. When the
particles are sufficiently large as to interrupt the profile of the
critical nucleus for homogeneous nucleation, the reduction in
the material excess of the critical nucleus relative to that of
the metastable nucleus, and hence the excess free energy for
the formation of the critical nucleus, become significant.
Thus slightly smaller values of the surface selective potential
are required for the system to switch from homogeneous to
heterogeneous nucleation mechanism. A similar, though
more pronounced effect accounts for the decrease of the sur-
face selective potential with the particle size on the line for
barrierless transition.

The gross topology of the kinetic phase diagram remains
unchanged when changing the immiscibility. However, as
expected, for larger immiscibility the boundary between ho-
mogeneous and heterogeneous nucleation as well as the line
for barrierless nucleation both shift to smaller values ofL,
reflecting that a weaker external perturbation is required to
induce the concentration fluctuation that leads to phase sepa-
ration.

IV. CONCLUSION

Using the self-consistent-field method, we have studied
nucleation in a binary polymer blend when foreign, meso-
scopic particles are present, with a focus on the effects of
surface selectivity and particle size. For neutral particles and
particles adsorbing the major component, homogeneous
nucleation prevails regardless of the particle size. In the case
of particles adsorbing the nucleating species, strong adsorp-
tion makes heterogeneous nucleation favored over homoge-
neous nucleation, with a nonmonotonic dependence on the
particle size. For sufficiently strong adsorption strength or
large particle size, heterogeneous nucleation can become bar-
rierless. Our study thus provides, at the mean-field level, a
complete description of the kinetic scenarios for phase sepa-
ration in a binary polymer blend containing mesoscopic par-
ticles.

In this paper, we have assumed that the particles are
small enough so that heterogeneous nucleation occurs around
the particle radially. For larger particles or less curved sur-
faces, such as the container wall, formation of microlens-
shaped critical nuclei is more likely. We hope to extend our
method to these cases.
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