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The effects of adding AB diblock copolymers to A/B binary blends on the structure and
thermodynamics of critical nuclei are studied using the self-consistent field theory. At a fixed ratio
of the amount of the two homopolymers, depending on the degree of polymerization and
composition of the diblocks, their addition to the blends can either increase or decrease the
nucleation free energy barrier relative to the pure A/B blends. The qualitative trend can be deduced
from the shift in the coexistence boundary and the spinodal. The distribution of diblock copolymers
in critical nuclei depends on the composition of the diblocks and the quench depth. Near the
coexistence, symmetric diblocks exhibit surfactant behavior, being highly concentrated on the
interface of the critical nuclei. Near the spinodal, they act more like co-solvent with a relatively
uniform distribution. © 2003 American Institute of Physics.@DOI: 10.1063/1.1566941#
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I. INTRODUCTION

Recently, the self-consistent field theory~SCFT! was ap-
plied to the study of homogeneous nucleation in an A/B
nary polymer blend.1 Within the framework of mean-field
theory, the SCFT avoids some common approximations
are often made in calculating the properties of the criti
nuclei, such as the capillary approximation near the coex
ence and the square-gradient approximation near the s
odal, and thus allows the entire range of the metastable
gion of the phase diagram to be studied using a sin
theoretical framework. Furthermore, by a quantitative eva
ation of the nucleation free energy barrier near the spino
the SCFT provides a consistency criterion for the validity
the mean-field approximation as well as predicts the onse
crossover in the phase separation kinetics from nucleatio
spinodal decomposition.

In this paper, we use SCFT to address the effects of
diblock copolymers on nucleation in A/B homopolym
blends. Specifically, we wish to answer the following que
tion: Given a fixed ratio of the amount of A and B homopol
mers, does the addition of a small amount of AB diblo
copolymers increase or decrease the nucleation free en
barrier? The answer to this question is not obvious, as th
are several competing factors at play in governing the nu
ation behavior of the system. On one hand, it is expected
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being amphiphilic molecules, the AB diblocks will accum
late at the interface of the nuclei, thus lowering the inter
cial free energy cost for the formation of the droplets, b
this occurs at the expense of the translational entropy of
diblocks. On the other hand, the addition of AB diblocks
A/B homopolymer blends shifts the coexistence and
spinodal, thus changing the thermodynamic driving force
nucleation, with the sign of the shift depending on the d
grees of polymerization and the composition of the po
mers.

Our interest in this problem is motivated by three co
siderations. First, multicomponent homopolymer and blo
copolymer blends are systems of wide industrial applicati
and theoretical interest.2–6 The A/B/AB ternary system
serves as the simplest model system for understanding
complex phase behaviors in such blends. The roles of
diblock copolymers on the equilibrium, bulk properties
A/B blends are relatively well understood: The diblocks c
either act as surfactants to lower the interfacial tension
adsorbing at the A/B interface, or serve as co-solvent
distribute uniformly throughout the blends to improve the
compatibility, or phase separate into a new copolymer-r
phase.6–10 However, there has been no theoretical work th
elucidates the roles of the diblocks in the nucleation ev
that leads to phase separation. Therefore, our study
nicely complement previous theoretical work on the equil
rium, bulk properties, and will provide the theoretical ba
for controlling the nucleation behavior in A/B blends by th
addition of the AB diblock copolymers.

Second, several experiments by Balsara and co-wor
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aimed at probing the nucleation in A/B binary homopolym
blends involved adding an AB diblock copolymer in order
lower the demixing temperature and thus control the dista
to the phase boundary without signficantly affecting the ti
scales for molecular motion.11,12 Their work showed that in-
creasing the amount of diblock copolymers can either sw
the mechanism of phase separation from spinodal decom
sition to nucleation11 or decrease the rate of nucleation12

These authors also argued, based on the theoretical w
mentioned earlier, that in the temperature and composi
ranges of the experiments, the block copolymers prima
act as co-solvent distributing themselves uniformly in t
blends at all~early! stages of the phase separation. Howev
the validity of such arguments isa priori not clear without
directly studying the problem of nucleation, because
block copolymers may well play a different role in the inh
mogeneous nuclei from that in the uniform, equilibrium bu
state or from that near the equilbirum interface of the pha
separated blends. For example, while the equilibrium in
facial width decreases with increasing Flory–Huggins
rameter x, the interfacial region of the critical nucle
broadens asx increases from the coexistence to the spinod
Our study will allow us to address both the distribution of t
diblock copolymers and their effects on nucleation barrie

Finally, as amphiphilic molecules, AB diblock copoly
mers share many common features with other surfactant
tems. Density functional theory has been applied to st
gas-to-liquid nucleation in the presence of amphiph
molecules.13 Nucleation of micelles has also been studi
using both density functional theory14 and SCFT.15 While
these studies provide useful insights into nucleation invo
ing amphiphilic molecules, it is desirable to address direc
the effects of surfactant molecules on nucleation in liqui
liquid phase separation.

The rest of this paper is organized as follows. In Sec.
we briefly describe the SCFT and the numerical method
plied to the calculation of critical nuclei in an A/B/AB blend
In order to make reference to the bulk phase diagram of
system, we also provide a brief review of the relevant res
for the coexistence and the spinodal of the system. The m
results are presented and discussed in Sec. III. We first fo
on symmetric diblock copolymers added to binary blends
A and B homopolymers having equal degree of polymeri
tion in order to highlight the main effects without the com
plications due to the introduction of extra parameters. T
effects of asymmetry of the diblocks are then presented s
rately. We conclude in Sec. IV with a summary of the ma
results of our findings.

II. THEORY AND METHODOLOGY

A. Self-consistent field theory

We consider an incompressible ternary blend of h
mopolymers A and B~hereafter designated as HA and H
respectively! and a diblock copolymer AB~designated as
AB!, with degrees of polymerizationNk (k5HA,HB,AB).
The polymers are modeled as Gaussian chains, and for
plicity we assume the same monomeric volumev and Kuhn
lengthb for all the polymer species. We choose units for t
Downloaded 15 Sep 2007 to 131.215.225.9. Redistribution subject to AIP
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volume so thatv51. For studying nucleation in a metastab
bulk phase, it is convenient to work with the grand canoni
ensemble with chemical potentialsmk . Because the chemi
cal potentials of the components in an incompressible m
ture are not all independent, we setmAB50. The derivation
of the SCFT is similar to that given in Refs. 16 and 17 a
will not be repeated here. The grand potential can be writ
as

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

5E dr@xfA~r !fB~r !2vA~r !fA~r !2vB~r !fB~r !#

2
exp~bmHANHA!

NHA
QHA@vA#

2
exp~bmHBNHB!

NHB
QHB@vB#2

1

NAB
QAB@vA ,vB#

1E dr j~r !@fA~r !1fB~r !21#, ~1!

whereb51/(kBT) and x is Flory–Huggins interaction pa
rameter,fA andfB are the total monomer volume fractio
of A and B, respectively, with contributions from both th
homopolymer and diblock copolymer,va (a5A,B) is the
molecular self-consistent field conjugate tofa , andj is an
effective pressure field to ensure the incompressibility c
straint. Note that the cube of the thermal de Broglie wa
length is replaced by the volume of the chainNkv; this sim-
ply leads to inconsequential shift in the chemical potentia

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

Qk@vA ,vB#5E dr qk~r ,Nk!, k: HA,HB,AB, ~2!

where the end-segment distribution functionqk(r ,Nk) is ob-
tained from solving the modified diffusion equation

F ]

]t
2

b2

6
¹ r

21vk~r !Gqk~r ,t!50, k: HA,HB ~3!

for homopolymers, and

F ]

]t
2

b2

6
¹ r

21vA~r !GqAB~r ,t!50, 0,t, f NAB ,

~4!F ]

]t
2

b2

6
¹ r

21vB~r !GqAB~r ,t!50, f NAB,t,NAB

for the diblock copolymer, andf is the A-block composition
in the diblock. The initial conditions areqk(r ,0)51. Because
of the lack of inversion symmetry for the two blocks in th
diblock copolymer AB, it is necessary to introduce a con
gate end-segment distributionqAB* (r ,t), which satisfies a
similar modified diffusion equation to Eq.~4! with ]/]t mul-
tiplied by 21 and with initial conditionqAB* (r ,NAB)51.

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

vB5xfA1j, ~5!

vA5xfB1j, ~6!
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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fA5
ebmHANHA

NHA
E

0

NHA
dtqHA~r ,t!qHA~r ,NHA2t!

1
1

NAB
E

0

f NAB
dtqAB~r ,t!qAB* ~r ,t!, ~7!

fB5
ebmHBNHB

NHB
E

0

NHB
dtqHB~r ,t!qHB~r ,NHB2t!

1
1

NAB
E

f NAB

NAB
dtqAB~r ,t!qAB* ~r ,t!, ~8!

fA1fB51. ~9!

In order to calculate the free energy barrier for the f
mation of the critical nucleus, we need the grand potentia
the metastable homogeneous state. For the metastable h
geneous state, the self-consistent field equation set ca
solved readily. The molecular field can be calculated as

vA
0 52

ln~fAB
0 !

NAB
1~12 f !x@122~fHA

0 1 f fAB
0 !#, ~10!

vB
052

ln~fAB
0 !

NAB
2 f x@122~fHA

0 1 f fAB
0 !# ~11!

and the chemical potential can be written as

bmHA5
ln fHA

0

NHA
2

ln fAB
0

NAB
1~12 f !x@122~fHA

0

1 f fAB
0 !#, ~12!

bmHB5
ln fHB

0

NHB
2

ln~fAB
0 !

NAB
2 f x@122~fHA

0 1 f fAB
0 !#.

~13!

Therefore, the grand potential density is

g05x~fHA
0 1 f fAB

0 !21x f @122~fHA
0 1 f fAB

0 !#

1
ln fAB

0

NAB
2

fHA
0

NHA
2

fHB
0

NHB
2

fAB
0

NAB
. ~14!

Subtracting the grand potential for the uniform me
stable phase from that for the critical nucleus, we obtain
reversible work of formation, or the free energy barrier f
nucleation as

DF* 5G* $fA* ,fB* ,vA* ,vB* ,j* %2G0

54pE
0

`

r 2 drH xfA* fB* 2xfA
0fB

0

2 (
a5A,B

@va* fa* 2va
0fa

0 #

2 (
k5HA,HB,AB

Fexp~bmkNk!

Nk
qk* ~r ,Nk!2

fk
0

Nk
G J ,

~15!

where fa* , va* (a5A,B) and j* are the solutions to the
self-consistent field equations for the critical nucleus. F
simplicity of notation, we will omit the superscript asteris
Downloaded 15 Sep 2007 to 131.215.225.9. Redistribution subject to AIP
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in these quantities. We define the material excessMA
ex and the

radius of the critical nucleusR using the total density profile
of the A segmentsfA : MA

ex[4p*0
` r 2 dr@fA(r )2fA

0 # and

R[
4p

MA
exE

0

`

r 3 dr@fA~r !2fA
0 #.

Similarly, MHA
ex and MAB

ex are defined using the density pro
files of the homopolymer HA and the diblock AB.

B. Identifying the critical nucleus

Because the critical nucleus corresponds to a free en
maximum in the material excess of the nucleating spec
straightforward application of the SCFT will not yield th
desired solution. To capture the rare concentration fluct
tions leading to nucleation, the calculation must be co
strained with respect to the material excess. Here we fol
a similar scheme to that in Ref. 1 in the pure HA/HB bina
blend. However, because there are two independent con
tration variables in the current case as opposed to the
HA/HB binary blend, the full free energy surface should i
volve both HA and AB. By constraining only the overa
material excess of the A monomersMA

ex, the free energy is
thus minimized with respect to the partitioning of the over
MA

ex into contributions coming from the homopolymer H
MHA

ex and from the AB diblocksMAB
ex . This allows us to

reduce the two-dimensional reaction coordinate into a o
dimensional one. TheMHA

ex versusMAB
ex plot as we increase

MA
ex, therefore, corresponds exactly to the nucleation pat

these two variables. A typical one-dimensional free ene
surface is shown in Fig. 1, with the inset showing the nuc
ation path in the two order parametersMHA

ex and MAB
ex ~The

dimensionless propertiesDF̃, M̃A
ex, M̃HA

ex , andM̃AB
ex defined

in Sec. III are used in Fig. 1!.

FIG. 1. Free energy of formation of the nuclei as function of the mate

excess of the total A segments forf̃HA
0 50.16, fAB

0 50.1, f 50.5, aAB

51.0, andx̃51.38. The maximum atM̃A
ex'310 marked by a star corre

sponds to the critical nucleus. The inset shows the relationship betwee
material excess from the AB diblock and that from the homopolymer HA
the nucleation path.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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C. Phase diagram

In order to specify the thermodynamic state of the h
mogeneous metastable phase, we provide a brief review
the relevant part of the phase diagram for our ternary syst
The full phase diagram for the HA/HB/AB ternary blend
quite complicated.5–7,17,18A large amount of diblock copoly-
mer would lead to microphase separation. Because we
interested in nucleation for macrophase separation, we
limit our consideration to block copolymer concentratio
below the Lifshitz point.6 From the solution to the self
consistent field equations for the homogeneous state, we
tain the free energy density of mixing for the HA/HB/A
ternary blend:

D f mix5
fAB

0 ln~fAB
0 !

NAB
1

fHB
0 ln~fHB

0 !

NHB
1

fHA
0 ln~fHA

0 !

NHA

1x~fHA
0 1 f fAB

0 !@fHB
0 1~12 f !fAB

0 #

2fAB
0 x f ~12 f !. ~16!
-
m
an

rs
,
b

o-

th
ds
tio
e
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on
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For a given overall composition, the coexistence b
tween the HA-rich and HB-rich phases is determined by
equality of chemical potential of species HA and HB, resp
tively, in both phases, and the equality of the grand poten
of the two phases. In general these conditions lead to a s
transcendental equations that can only be solved numeric

The spinodal curve~the limit of metastability of the ho-
mogeneous phase! is determined by18

U f HAHA f HAHB

f HBHA f HBHB
U50 ~17!

with

f IJ5S ]

]f I
2

]

]fAB
D S ]

]fJ
2

]

]fAB
DD f mix , I ,J5HA,HB.

~18!

The condition~17! leads to an analytical expression fo
the value of the Flory–Huggins parameter at the spinoda
xsp5
NABfAB

0 1NHAfHA
0 1NHBfHB

0

2@ f 2NABfAB
0 NHBfHB

0 1~12 f !2NHAfHA
0 NABfAB

0 1NHAfHA
0 NHBfHB

0 #
. ~19!
e
i-
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III. RESULTS AND DISCUSSION

In order to highlight the main effects of diblock copoly
mers on nucleation without introducing too many para
eters, in this study we assume the homopolymers HA
HB to be of the same degree of polymerization (NHA5NHB

5N). The chain length of the added AB block copolyme
is rescaled asaAB5NAB /N. The length, material excess
and free energy barrier are nondimensionized
defining

r̃[
r

N1/2b
,

M̃k
ex[

Mk
ex

N3/2b3 , k:A,HA,AB,

DF̃5
bDF

N1/2

v
b3

and we define a reducedx̃ using the critical value ofx, xc,b

for the binary HA/HB blends in the absence of diblock c
polymers:

x̃5x/xc,b .

To focus on the effects of adding a small amount of
AB block copolymers on nucleation in the binary blen
HA/HB, we imagine a thought experiment in which the ra
of the amount of HA and HB is held constant while th
diblocks are added. To this end, it is convenient to expr
the amount of the block copolymers by their volume fracti
-
d

y

e

s

in the ternary blendsfAB
0 , and the ratio of the amount of th

homopolymers by their volume fractions in the original b
nary blends; that is,

f̃HA
0 5

fHA
0

12fAB
0

and

f̃HB
0 5

fHB
0

12fAB
0 .

Fixing the ratio of the amount of HA and HB corre
sponds to fixingf̃HA

0 ~or f̃HB
0 since the two add up to one!.

In the following, we first present the results for symmet
diblock copolymers since this case illustrates most clea
and simply the effects of these molecules on nucleation
the HA/HB blends. We then discuss the effects of asymme
of the diblocks. For all the results we present, the redu
volume fraction is set atf̃HA

0 50.16 unless otherwise spec
fied; we do not expect qualitatively new effects by chang
f̃HA

0 .

A. Symmetric diblock copolymers

If the added AB block copolymers are symmetric
composition (f 50.5), the coexistence condition and th
spinodal condition can be written analytically as
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Nxco52

lnS fHA
0

12fHA
0 2fAB

0 D
~122fHA

0 2fAB
0 !

52

lnS f̃HA
0

12f̃HA
0 D

~122f̃HA
0 !~12fAB

0 !
, ~20!

Nxsp5
aABfAB

0 2fAB
0 11

~1/2!aABfAB
0 ~12fAB

0 !12~12fAB
0 !2f̃HA

0 f̃HB
0

.

~21!

In Fig. 2, we show the coexistence and the spinodal a
function of the amount of symmetric diblock copolyme
added for the case ofaAB51. Both the coexistence and th
spinodal shift to higher values of the reducedx̃ with the
addition of the diblocks. For a fixed amount of diblock c
polymersfAB

0 , the coexistence is independent of the deg
of polymerization of the diblocks. However, the spinodalx̃sp

decreases monotonically with increasing degrees of polym
ization of the diblocks. This is shown in Fig. 3. We will mak
reference to these phase diagrams when we discuss th
fects of diblock copolymers on nucleation.

Although adding the AB block copolymers shifts th
binodal and the spinodal boundary of the binary blends H
HB, the basic characteristics of the critical nuclei of mac
scopic phase separation are similar to those in the pure
nary blends HA/HB.1 The work of critical nuclei formation
decreases monotonically with the increase ofx̃ from the bin-
odal where it diverges, to the spinodal where it vanishes.
material excess and the radii of critical nuclei have th
minima intermediate between the coexistence and the s

FIG. 2. Effect of the amount of added symmetric diblock copolymers of
same chain length as the homopolymers (f 50.5, aAB51) on the coexist-

ence and the spinodal in the HA/HB/AB ternary system at fixedf̃HA
0

50.16.
Downloaded 15 Sep 2007 to 131.215.225.9. Redistribution subject to AIP
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odal, and diverge in these two limits. Because these
properties have similar behaviors, only the radii of critic
nuclei are discussed in this paper.

Even for diblock copolymer concentrations below t
Lifshitz point, it is possible to form swollen micelles. Ou
preliminary calculations show that this can occur for i
creased concentration and/or length of the diblock copo
mers. In this paper, we focus on nucleation leading to m
roscopic phase separation and have chosen parameters
that micellization does not occur. Formation of swollen m
celles will be investigated in a future study.

Near the coexistence, the critical nucleus is highly str
tured and has a sharp interface, much like the equilibri
interface between two coexisting phases. The nearly unifo
density of the nucleating species inside the nucleus is v
close to but slightly higher than the coexisting phase beca
of increased osmotic pressure due to curvature. Theref
near the coexistence limit, the critical nucleus can be con
ered as a droplet of the incipient coexisting phase. As
immiscibility increases from the coexistence boundary
ward the spinodal, the critical nucleus become less structu
and the density variation becomes more gradual. This beh
ior is demonstrated in Fig. 4~a! where we show the overal
density profile for A segments at several values of the
ducedx̃ for fAB

0 50.1 andaAB51.
The behavior of the overall density of the A segments

strongly correlated with the distribution of the diblock c
polymers. As shown in Fig. 4, near the binodal, the critic
nucleus has a relatively sharp interface, with a strong
hancement of copolymer concentration in the interfacial
gion. The critical nucleus resembles emulsion droplet w
the symmetric diblocks acting as surfactants. Upon incre
ing the quench depth to the spinodal, the interface of a c
cal nucleus becomes diffuse; the distribution of the dibloc
becomes flat with only slight enrichment at the center of
nucleus. In the spinodal limit, the diblocks would distribu
uniformly just like co-solvent. Therefore, the behavior

eFIG. 3. Phase diagram showing the effect of the relative chain length of
symmetric diblock copolymers in the HA/HB/AB ternary blends atfAB

0

50.1 andf̃HA
0 50.16.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



m
th

on
th
nd
a
f
n

he
i-

i
y-
uc
l-
xe
he
s

o
he

oly-
gy
ly-
ary
ergy

tan-
l, it

all
te

th
r-

ee
ely
ing
and
o-
tion
de-

f-

s
he

the
ses.
g

ym-

x-
the
the

ith
ho

nc-

9002 J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 Wang et al.
symmetric diblocks in the critical nuclei changes fro
surfactant-like to co-solvent-like as the blends approach
spinodal from the binodal. Such behavior should be c
trasted with the equilibrium behavior, where increasing
immiscibility makes the interface between the HA-rich a
HB-rich phase sharper, and thus makes the diblocks beh
more like surfactant.6–8 Therefore, the local environment o
the critical nuclei is important in determining the distributio
of diblocks and it is generally not justified to deduce t
behavior of the diblocks in the critical nuclei from the equ
librium behavior.

We now return to the main question that we posed
Sec. I, namely, whether the addition of AB diblock copol
mers increases or decreases the free energy barrier for n
ation in HA/HB binary blends. The experimentally most re
evant situation is a comparison at fixed temperature and fi
ratio of the amount of HA and HB. Thus we first present t
result at fixedx̃. Figure 5 shows the free energy barrier a
function of the amount of diblocks added for three values
x̃. In this calculation, the degree of polymerization of t

FIG. 4. Three representative density profiles for the critical nuclei w
symmetric AB diblock copolymers of the same chain length as the

mopolymers (f 50.5, aAB51) at f̃HA
0 50.16 andfAB

0 50.1. ~a! The total
density of A segmentsfA , and ~b! the density of AB diblock copolymers
fAB and the densities of individual blockfCA , fCB . The thin lines in~b!
are forfCB .
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diblocks is taken to be the same as that of the homop
mers, i.e.,aAB51. Clearly in all three cases, the free ener
barrier increases with increasing amount of diblock copo
mers. The closer the system is to the spinodal of the bin
system, the stronger is the effect. Because the free en
barrier shown in Fig. 5 is scaled byN1/2, for long polymers
the increase in the actual free energy barrier can be subs
tial. Therefore in a binary system very close to its spinoda
is possible to suppress nucleation by the addition of a sm
amount of AB diblock copolymers. Thus our results indica
that the addition of symmetric AB diblock copolymers wi
aAB51 to HA/HB blends not only stablizes the blends the
modynamically but also kinetically by increasing the fr
energy barrier for nucleation, with the increase driven larg
by the decreased thermodynamic driving force. This find
is consistent with the experimental results by Balsara
co-workers, where they find that the addition of diblock c
polymers can switch the mechanism of phase separa
from spinodal decomposition to nucleation or otherwise
crease the rate of nucleation11,12 in the metastable region.

Although the physically relevant comparison for the e
fects of added diblock copolymers is at fixedx ~or equiva-
lently x̃), it is of theoretical interest to introduce a rescaledx
using the actual criticalxc of the ternary systemx̃8
5x/xc . In terms of this reducedx̃8, the coexistence curve i
unaffected by the addition of symmetric diblocks while t
spinodal boundaryx̃sp8 decreases~not shown!. Thus at fixed
x̃8, adding symmetric diblocks draws the blends closer to
spinodal. Correspondingly, the free energy barrier decrea

Finally, if symmetric diblocks are added while keepin
the total A/B monomer ratio fixed rather thanf̃HA

0 , Fig. 6
indicates that the nucleation barrier increases with more s
metric diblocks added at fixedx̃. At a fixed total A/B ratio,
adding symmetric diblock copolymers shifts both the coe
istence and spinodal boundary to lower temperature; thus
blends are farther away from the spinodal and closer to
coexistence.

-

FIG. 5. Free energy barrier for the formation of the critical nuclei as fu
tion of the amount of added symmetric diblock copolymers (f 50.5, aAB

51) at fixedf̃HA
0 50.16 and several values ofx̃.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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These comparisons at different conditions suggest
the qualitative effects of symmetric AB diblock copolyme
on the work of critical nuclei formation can be understood
the shifts in the spinodal and the binodal boundary. If b
the spinodal and the binodal boundaries are shifted to hig
temperatures, the resulting ternary blends are closer to
spinodal and farther away from the coexistence, and the
energy barrier decreases. On the other hand, if both the s
odal and coexistence are shifted to lower temperatures,
free energy barrier increases. When the shifts of the spin
and coexistence are in opposite directions, the effects are
obvious, as will be demonstrated later when we discuss
case of asymmetric diblocks.

The radius of the critical nuclei as a function ofx̃ is also
found to be strongly correlated with the thermodynamic st
of the ternary system. In Fig. 7, we show the radius of

FIG. 6. Free energy barrier for the formation of the critical nuclei as fu
tion of the amount of added symmetric diblock copolymers (f 50.5, aAB

51) at fixed total A-segment volume fractionfA
0 50.16.

FIG. 7. Radii of the critical nuclei as function ofx̃ at fixed f̃HA
0 50.16 for

several values of the added amount of symmetric AB diblock copolymer
the same chain length (f 50.5, aAB51).
Downloaded 15 Sep 2007 to 131.215.225.9. Redistribution subject to AIP
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critical nucleus as a function ofx̃ at several values of the
amount of symmetric diblocks. Because both the coexiste
and the spinodal curves are shifted to largerx̃ by adding
symmetric block copolymers, and the dimension of the cr
cal nucleus should diverge at both limits, at a fixedx̃, the
radius of the critical nucleus increases with increasing
amount of block copolymers when close to the coexiste
boundary but decreases when close to the spinodal.

The relative degree of polymerization of symmetr
block copolymers to that of the homopolymers has effects
their interfacial activity and compatibilizing capability. Bot
theoretical calculation19 and experiment19,20 show that the
longer block copolymers have stronger interfacial activ
and compatibilizing effects for the equilibrium phas
separated states.

The degree of polymerization of symmetric dibloc
also affects the free energy barrier of nucleation. Figur
indicates that at the same volume fraction and fixedx̃, the
free energy barrier decreases with increasing chain lengt
the symmetric diblock copolymers. This behavior can be
tionalized from the phase diagramx̃ versusaAB shown in
Fig. 3: increasing the relative chain length of symmet
diblocks while maintaining the same volume fraction has
effect on the binodal boundary, but shifts the spinodal
lower x̃. Thus at fixedx̃, adding longer symmetric diblock
makes the blends closer to the spinodal boundary, and
decreases the work of formation of critical nuclei.

The radius of critical nuclei as a function ofx̃ at differ-
ent diblock chain lengths~not shown! also can be correlated
with the change of phase diagram. With increasing the re
tive chain length of symmetric block copolymers, the dime
sion of critical nuclei decreases near the coexistence bou
ary, while it increases near the spinodal. Near the spinoda
fixed x̃, increasing the relative chain length of symmet
block copolymers makes the blends closer to the spino
and thus increases the radii of critical nuclei.

Compared to pure binary blends HA/HB, nucleation
blends added with long enough symmetric diblocks can

-

of

FIG. 8. Free energy barrier for the formation of the critical nuclei as fu
tion of the relative chain length of the symmetric AB diblock copolyme

( f 50.5, fAB
0 50.1) at fixedf̃HA

0 50.16 and several values ofx̃.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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hibit lower free energy barrier. Figure 9 shows the dep
dence of the nucleation barrier on adding symmetric diblo
copolymers of relative degree of polymerizationaAB51.5
for several values ofx̃. While at x̃51.4, the addition of the
diblocks leads to an increase in the free energy barrier,
the two higher values ofx̃, the free energy barrier first de
creases and then increases with the addition of the cop
mers. These behaviors can again be correlated with
changes in the phase diagram~not shown!, where the spin-
odal shows the nonmonotonic change with the amount of
diblocks. At x̃51.4, the addition of the diblocks draws th
system closer to the coexistence, while at the other
larger values ofx̃ with the low addition of the diblocks, the
dominant effect is a decreased distance to the spinodal
with the addition of more diblocks, both the spinodal and
coexistence shift toward higher values ofx̃ and the blends
are nearer to the coexistence.

B. Asymmetric diblock copolymers

The effects of asymmetric diblock copolymers on t
phase diagram are complicated. While the spinodal can
determined analytically according to Eq.~19!, the coexist-
ence must be calculated numerically. In Fig. 10, we show
phase diagram of binary blends HA/HB added with asy
metric diblock copolymers AB of the same chain leng
aAB51.0 for fixedfAB

0 50.1. If the phase diagram is repre
sented byx̃ versusf , the coexistencex̃co has a maximum a
f 50.5, however; the spinodalx̃sp has its maximum nearf
50.15.

The composition of asymmetric diblock copolyme
strongly affects the distribution of the diblocks in critic
nuclei. While the symmetric diblocks act either as surfacta
or co-solvents depending on the proximity to the coexiste
or the spinodal, very asymmetric diblocks behave more
the homopolymers and are thus either enriched in or
cluded from the critical nuclei, with the extent of enrichme
or exclusion decreasing as the spinodal is approached. T

FIG. 9. Free energy barrier for the formation of the critical nuclei as fu
tion of the amount of the symmetric AB diblock copolymers foraAB51.5 at

fixed f̃HA
0 50.16 and several values ofx̃.
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the main effects on nucleation for very asymmetric dibloc
can be understood as an effective change in the compos
of the orginal HA/HB binary blends. For example, at largef ,
the diblocks are more like the HA chains and their additi
effectively increases the composition of the HA, and fro
the inverted parabolic shape of the coexistence and the s
odal curves of the binary system, this change brings the
tem closer to the spinodal and thus decreases the free en
barrier relative to the pure HA/HB binary system. Away fro
these limiting cases, however, the behavior of the nuclea
barrier with the composition of the diblocks is not simple,
is clear from Fig. 11~a!, which reflects the nonsimple depen
dence of the coexistence and the spinodal withf . For ex-
ample, when 0.15, f ,0.5, increasing the composition of th
A block increases the coexistencex̃co but decreases the spin
odal x̃sp.

While the effects of the asymmetry of the diblocks a
not simple at the experimentally relevant condition of fix
x̃, in terms of fixedx̃8[x/xc wherexc is the actual critical
value ofx for the ternary system, a relatively simple pictu
emerges. In a phase diagramx̃8 versusf ~not shown!, both
the coexistence and the spinodal boundary decreases m
tonically with increasing the composition of the A bloc
Therefore, as shown in Fig. 11~b!, at fixedx̃8, increasing the
composition of A block lowers the free energy barrier
nucleation monotonically.

The dependence of the size of critical nucleus onx̃ at
different f reflects changes in the phase diagram. Relative
the symmetric case off 50.5, both the coexistence and th
spinodal shift to lowerx̃ in the case off 50.75. Correspond-
ingly, the size of critical nucleus forf 50.75 is smaller near
the coexistence but larger near the spinodal than that fof
50.5, as shown in Fig. 12. Forf 50.25, the coexistence
boundary shifts to smallerx̃ while the spinodal shifts to
largerx̃ relative to the blends with symmetric block copol
mers. Consequently, the blend withf 50.25 has smaller criti-
cal nuclei than that withf 50.5 near both the spinodal an
the coexistence.

-FIG. 10. Phase diagram showing the effect of the composition of the

diblock copolymers of the same chain length (aAB51) at fixed f̃HA
0

50.16 andfAB
0 50.1.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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IV. CONCLUSIONS

Using the self-consistent field method, we have exa
ined the effects of adding diblock copolymers AB on nuc
ation in binary HA/HB blends, with an emphasis on t
changes in the nucleation barrier. Upon the addition
diblock copolymers at a fixed ratio of the amount of the tw
homopolymers, the free energy barrier can either increas
decrease relative to the pure HA/HB blends, depending
the degree of polymerization and composition of t
diblocks, as well as the location of the system in the me
stable part of the phase diagram. The qualitative trend ca
deduced from the shift in the coexistence boundary and
spinodal. If the addition of the copolymers shifts both t
coexistence and the spinodal to lower temperature~or higher
x!, the free energy barrier increases relative to that in
pure binary blends. If the addition of the copolymers sh
both the coexistence and the spinodal to higher tempera
~or lowerx!, the free energy barrier decreases. The beha
becomes complicated when the shifts in the coexistence
the spinodal are in the oppositive directions.

FIG. 11. Free energy barrier for the formation of the critical nuclei
function of the composition of the AB diblock copolymers of the same ch

length (aAB51) at fixed f̃HA
0 50.16 andfAB

0 50.1. In ~a! x̃ is kept con-
stant; in~b! x̃8 is kept constant.
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The distribution of diblock copolymers in the critica
nuclei depends on the composition of the diblocks and
quench depth. Near the coexistence, symmetric diblocks
hibit surfactant behavior, residing preferentially at the int
face of the critical nuclei. Near the spinodal, they act mo
like co-solvent with a relatively uniform distribution. Suc
behavior is in contrast to the equilibrium behavior, whe
increasing the immiscibility makes the interface between
HA-rich and HB-rich phase sharper, and thus makes
diblocks behave more like surfactant.6–8

Our work in this paper has been focused on nucleat
leading to macroscopic phase separation. However, the p
behavior of the full AB/HA/HB ternary system is extreme
rich and complex. While straightforward application of th
self-consistent field methods can successfully treat the p
odic and disordered phases, it is unable to treat emuls
droplets and swollen micelles. Because these structures
be considered as arising from large but local concentra
fluctuations, similar to nucleation leading to macrosco
phase separation, the method we have developed for nu
ation can be easily extended to study the thermodynamic
these structures as well as the nucleation event that lead
their formation. We plan to do so in future work.
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9H. Ṡ. Jeon, J. H. Lee, N. P. Balsara, and M. C. Newstein, Macromolec
31, 3340~1998!.

10H. S. Jeon, J. H. Lee, and N. P. Balsara, Macromolecules31, 3328~1998!.
11N. P. Balsara, C. Lin, and B. Hammouda, Phys. Rev. Lett.77, 3847

~1996!.
12A. A. Lefebvre, J. H. Lee, H. S. Jeon, N. P. Balsara, and B. Hammoud

Chem. Phys.111, 6082~1999!.
13V. Talanquer and D. W. Oxtoby, J. Chem. Phys.106, 3673~1997!.
Downloaded 15 Sep 2007 to 131.215.225.9. Redistribution subject to AIP
s

J.

14V. Talanquer and D. W. Oxtoby, J. Chem. Phys.113, 7013~2000!.
15N. A. M. Besseling and M. A. Cohen Stuart, J. Chem. Phys.110, 5432

~1999!.
16R. B. Thompson and M. W. Matsen, J. Chem. Phys.112, 6863~2000!.
17P. K. Janert and M. Schick, Macromolecules30, 137 ~1997!.
18C. Huang, M. Olvera de la Cruz, and B. W. Swift, Macromolecules28,

7996 ~1995!.
19R. Israels, D. Jasnow, A. C. Balazs, L. Guo, G. Krausch, J. Sokolov,

M. Rafailovich, J. Chem. Phys.102, 8149~1995!.
20S. H. Anastasiadis, R. Gancarz, and J. B. Koberstein, Macromolecule22,

1449 ~1989!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


