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ABSTRACT: A self-consistent mean-field theory (SCMFT) study on the phase behaviors of AB-diblock
copolymer solutions is presented. All of the possible thermodynamically stable ordered structures verified by
experiments are considered and the phase diagrams are generated. This work mainly focuses on the cases of
selective solvents. The results show that a series of phase transitions occurs upon dilution. In particular, large
windows of lamellaeþ cylinder coexistence are located for the cases of highly asymmetric diblock copolymers
in strongly selective solvents, which is in agreement with previous experimental observations. The transitions
between the “inverted” fcc structure and the “inverted” bcc structure are also observed. The calculation
indicates that the copolymer-solvent interaction plays important roles in these transitions.

Introduction

As a good system to study the phenomenon of self-assembling,
diblock copolymer solution has attracted considerable attention.
Much work has been done in this field both experimentally and
theoretically. Generally speaking, all solvents can be divided into
two kinds: one is neutral solvent, which has the same interaction
with each block species; the other is selective solvent, which
interacts with the two blocks differently.With the presence of the
solvent, diblock copolymer solution always has more interesting
phase behaviors than melt does.

When the solvent is neutral, it will equally swell each block of
the diblock copolymer, which just leads to a dilution effect. It has
been shown by previous experimental and theoretical work1-7

that the phase behavior in this case is very similar to diblock
copolymer melt. Namely, the microstructure of the system is
largely determined by the composition of the copolymerwhile the
dilution effect caused by solvent mainly changes the degree of
segregation.

If a selective solvent is added, the two kinds of blocks are
swollen unequally. The solvent now prefers to aggregate more
into the domainof one species than the other,which consequently
leads to a series of lyotropic ordered structure transitions. There
is a great deal of experimental and theoretical studies on this case.
From the experimental standpoint, Shibayama and co-workers
first gave a study on the microstructure of a diblock copolymer
(polystyrene-b-polybutadiene) in a selective solvent (n-tetra-
decane).8,9Afterward, the phase behaviors of diblock copolymers
in selective solvents have been revealed gradually. On one hand,
aqueous diblock copolymer solution system has received much
attention. For example, Hajduk and co-workers investigated
aqueous solutions of poly(ethylene oxide)-b-polyethylethylene
and constructed the phase diagrams.10 However, because of the
existence of hydrogen bonding and the lower-critical-solution-
temperature (LCST) character, the phase behaviors of an aqu-
eous system are often less common and have little theoretical
correspondence. On the other hand, there is also much work on

the self-assembly of a diblock copolymer in the presence of an
organic selective solvent, particularly in the cases of styrene-
isoprene diblock copolymers. Among the numerous literatures
on this subject, a series of studies done by Lodge and co-workers
gave a comprehensive description of the issue.11-13 Within their
work, not only have the complete phase diagrams been con-
structed, but also the general principles have been discussed.
Accompanying with these experimental progresses, theoretical
developments also come. Banaszak and Whitmore first used the
self-consistent mean-field theory (SCMFT) to investigate the
lamellar structure of diblock copolymer/selective solvent
blends.14 Although they only dealt with weakly selective solvents,
some universal properties, such as the nonuniformdistribution of
the solvent, are revealed. Huang and co-workers extended the
previous SCMFT calculations to consider ordered structures
other than lamellar and gave some sectional planes of the diblock
copolymer solution phase hypercube (i.e., phase diagrams).15,16

However, their calculations are incomplete because of the high
dimension of the parameter space of the theoretical model. Also
the neglect of the gyroid structuremakes it impossible for them to
verify the lamellae þ cylinder coexistence, which is observed by
experiments.10,12,13 Most recently, Woloszczuk et al. constructed
a phase diagram of a diblock copolymer solution using a lattice
Monte Carlo method,17 in which only the symmetric diblock
copolymer was considered.

It is well-known that SCMFThas been applied to study a great
deal of problems in polymeric systems. Compared with other
theoretical methods, such as Monte Carlo methods17 and field
simulations,18 SCMFT is much easier to perform and so is more
appropriate to study some complex systems, such as multiblock
copolymers and copolymer solutions.Hencewe apply SCMFT in
this paper to investigate the phase behavior of diblock copoly-
mers in the presence of a selective solvent. All of the possible
thermodynamically stable ordered structures verified by experi-
ments are considered and the phase diagrams are generated.
Large windows of lamellae þ cylinder coexistence are located in
addition to the traditional structures. The physics hidden in these
results are also discussed.*Corresponding author. E-mail: yandd@iccas.ac.cn.
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Theoretical Framework

Self-Consistent Mean-Field Theory. The system is com-
posed of nc AB diblock copolymer (C) chains and ns solvent
(S) molecules in a volume V. Each AB chain of degree of
copolymerizationN contains fNAmonomers and (1- f )NB
monomers. For simplicity, we assume that all monomers
have the same volume F0-1 as the solvent and the same
Kuhn length b. Since nc and ns are constant, the canonical
ensemble is used here. Following a standard field theory
procedure,19,20 the partition functional can be written as

Z ¼
Z

DfφgDfωgDfηge-F ½fφg, fωg, fηg� ð1Þ

where the “Hamiltonian” of the system, F [{φ},{ω},{η}], is
given by

F ½fφg, fωg, fηg� ¼ 1
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In eq 2, R, β=A, B, S; p=C, S; χRβ is the Flory-Huggins
parameter, which quantifies the local interaction between
each pair of units R and β ; φR(r) is the volume fraction of
species R at point r; ωR(r) is the auxiliary field conjugated to
φR(r); η(r) is the auxiliary field coupled to the incompressible
condition; φhp is the average volume fraction of component p;
Np=N and 1 for p=C and S, respectively; z0p is the parti-
tion function of component p due to the kinetic energy,
which can be regarded as a constant; Qp is the partition
function of a single molecule of component p.

To evaluate the partition functional exactly is in general
impossible. Fortunately, the mean field approximation is
available here, which amounts to evaluating the functional
integral using a saddle-point technique.19,20 By this approx-
imation, the problem of dealing with the functional integral
is converted to solving a set of mean-field equations
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Z f

0

dt qAðr, tÞqþAðr, tÞ ð3Þ
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φRðrÞ ¼ 1 ð7Þ

Here, t is the coordinate along a copolymer chain, which has
been scaled by N. Each of the end-integrated propagators,

qR(r,f ), satisfies the modified diffusion equation

DqRðr;tÞ
Dt

¼ Nb2R
6

r2qRðr, tÞ -ωRðrÞqRðr, tÞ ð8Þ

with the initial condition, qR(r,0)=1 In the present calcula-
tions, all lengths are scaled by b. Thus in eq 8, bR=1 for R=
A, B, and bR = 0 for R=S. qA

þ(r,t) and qB
þ(r,t) also satisfy

eq 8 butwith different initial conditions, qA
þ(r,0)=qB(r,1- f )

and qB
þ (r,0)= qA(r,f )

Since we are dealing with the symmetric structures, the
reciprocal-space method is convenient. Every function of
position is expanded by a set of orthonormal basis functions
{ fi(r)}, which possesses the symmetry of the structure being
considered, e.g.

φRðrÞ ¼
X¥
i¼1

φR
i fiðrÞ

The expansions of other functions are similar, and the
unnormalized basis functions can be found in ref 21. Suffi-
cient number of basis functions should be used to have
enough numerical precision in any case. The number re-
quired is different for different structures and parameter
values. Within the parameter ranges used here, eighty basis
functions are enough for lamellae and hexagonally packed
cylinders. However, for those more complex structures, e.g.
body-centered cubic and face-centered cubic spheres, about
200 basis functions are needed when φhC f 1 and more than
400 basis functions are required for low φhC but high χBS.
Gyroid is the most complicated structure considered here,
for which the number required is always 50 more than the
requirement for cubic spheres in the same parameter values.

By reciprocal-space method, we only need to solve the
expansion coefficients. The equations of these coefficients
can be derived from the SCMFT equations

φA
i ¼ φC

QC

Z f

0

dt
X
m:l

qAmðtÞqAþ
l ð f - tÞΓiml ð30Þ

φB
i ¼ φC

QC

Z 1-f

0

dt
X
m:l

qBmðtÞqBþl ð1- f - tÞΓiml ð40Þ

φS
i ¼ φS

QS
qSi

1

N

� �
ð50Þ

ωR
i ¼ N

X
β6¼R

χRβφ
β
i þ ηi ð60Þ

X
R

φR
i ¼ δi:1 ð70Þ

where Γiml= V-1
R
drfi(r) fm (r) f1(r); δi.1 is the Kronecker

delta function. QC and QS can be expressed as
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Note that each of the basis functions is an eigenfunction of
Laplacian operator with eigenvalue λi. Then the modified
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diffusion equation becomes

DqRi
Dt

¼ -
X
m

Himq
R
m ð80Þ

where

Him ¼ Nb2R
6

λiδi:m þ
X
l

ωR
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The initial conditions of qi
R(t) and qi

Rþ(t) are: qi
R(0) = δi.1;

qi
Rþ(0)= qi

β( fβ), where β=B when R=A and vice versa.
After solving these equations by certain iteration techni-

que, the free energy (in the unit of kBT ) per chain of the
system can be obtained
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In this work, five ordered periodic structures are considered,
i.e. lamellae (L), hexagonally packed cylinders (H), gyroid
(G), body-centered cubic spheres (Sbcc) and face-centered
cubic spheres (Sfcc). Phase lines are determined not only by
comparing the free energies of different structures but also by
considering the common tangent rule.

More about theModel.The parameter space of a polymeric
system is always of high dimension. Vavasour andWhitmore
identified that at least eight parameters are needed to predict
the equilibrium morphology of a diblock copolymer/homo-
polymer blend,22 which is similar for the system considered
here. Since we are now just interested in diblock copolymers
of symmetric conformation, i.e. bA= bB= b, only six para-
meters need to be considered in this work, i.e., the average
volume fraction of the diblock copolymer,φhC, the copolymer
composition, f, the degree of copolymerization,N, and three
Flory-Huggins parameters, χRβ.

However, some of these parameters are less significant
than others for studying the physics of self-assembly in
diblock copolymer solutions. First, it has been indicated by
previous work that the variation of N always causes few
effects on the order-order transitions (OOTs) for copolymer
melts. This can be easily understood by using the phase
diagram of the melt case,23 in which the phase lines quickly
become vertical to the f-axis when the system is beyond the
weak segregation regime. Although the case is more complex
with the presence of a selective solvent, it is confirmed by
experiments7,12,13 and the present calculation (in next
section) that the variation of N brings considerable effects
on the order-disorder transition (ODT) rather than OOT.
Second, it is always unnecessary to change all the three
χRβ to explore the phase behaviors of the system. This is
because the selectivity of the solvent is much more impor-
tant for determining the symmetric phases than the ab-
solute value of each χRβ. It is not easy to define selectivity
very strictly, but to some extent one can estimate it by
the difference between χAS and χBS, i.e. (χBS - χAS)/χAB. In
this study, we fix the values of χAB and χAS and make
χBS always greater than χAS in order to present an elem-
entary investigation of the effects of solvent selectivity. Thus
increasing χBS corresponds to increasing the selectivity of
the solvent hereafter. From the experimental standpoint,
the selectivity of a specific solvent always changes with
varying temperature. Therefore changing χBS in this work

also qualitatively corresponds to changing temperature in
practice. In brief, we mainly investigate the effects of three
parameters, i.e. φhC, f, and χBS, in this work. The subspace of
(φhC,f,χBS) can be regarded as an appropriate analogy of the
phase cube (φhC,f,T ) in practice.

There is another useful concept called “degree of segrega-
tion”, which is related to the sharpness of the interface
between different domains and the interfacial area per chain
in a symmetric phase. This concept can be quantified by
χABN for an AB-diblock copolymer melt or by φhCχABN for
the case of anAB-diblock copolymer in a neutral solvent. No
simple combination of parameters can be abstracted to
describe the degree of segregation for the selective solvent
case, but themeaning is the same. Namely, a higher degree of
segregation means a sharper interface between different
domains and smaller interfacial area per chain in a sym-
metric phase and vice versa.

Results

The phase diagrams (φhC,χBS) of different compositions and
different degrees of copolymerization are presented in Figure 1.
Some general features can be found from the figure. When the
copolymer concentration is high, i.e. φhC f 1, the structure of the
system returns to the one of the melt case. Upon dilution, a series
of lyotropic structure transitions occur. If the solvent selectivity is
high, e.g. χBS g 0.7 in Figure 1, the two blocks of the copolymer
will be swollen much more unequally. In particular, when the
copolymer is asymmetric and the solvent prefers the shorter
block, the so-called “inverted” phases, in which the swollen
shorter block plus solvent forms the major domain, are formed
with the decreasing of φhC. On the other hand, when the solvent
becomes weakly selective with decreasing χBS, the possible phase
transitions become fewer, and the system finally coincides with
the case of neutral solvent as χBS = χAS.

Parts a and b of Figure 1 are the phase diagrams for two
symmetric copolymerswithdifferent degrees of copolymerization
in solvents of varying selectivity. Both figures display a sequence
of L f GB f HB f SB

bcc via dilution in the strongly selective
solvent region, while only the transition of LfDis occurs as the
solvent is weakly selective. There is a small existence window of
SB
fcc in Figure 1b. We infer that SB

fcc also emerges in Figure 1a for
larger χBS, although the calculation is too hard to perform there
because of the large amount requirement of basis functions. Each
OOT line in these two figures tilts to the right for relatively large
χBS but to the left when χBS is medium-sized. Thus there is a
“reentrant” OOT via varying χBS. After all, it can be seen that
these two figures have very similar topologies. Only the ODT
lines have considerable difference, which is also quantitative.
This is a direct reflection of the fact that the variation of N has
few effect on OOTs and hence hardly affects the topology of
each phase diagram. Hence, we just give the diagrams of N=
150 hereafter.

Figure 1c is for an asymmetric diblock copolymer, i.e., f =
0.3. In this case, the phase behavior becomes more complex. All
possible structures are observed except SA

fcc. Several “reentrant”
OOTsoccur for the “inverted” structureswhile the phase line that
separates two normal structures just tilts to the right. Moreover,
an interesting phenomenon can be observed, which is the emer-
gence of the large exsitence window of SB

fcc. When the composi-
tion of the diblock copolymer becomes more asymmetrical, the
solution goes into disorder at high copolymer concentration.
However, if the solvent has enough selectivity, micelle can form
via dilution and then ordered structures also emerge, as indicated
by Figure 1d. Particularly, it can be seen from Figure 1d that
the existence window of GB is substituted by an L þ HB co-
existence window when the solvent is strongly selective. This is in
agreement with previous experimental observations.12,13 The
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boundary between the regions of L þ H and gyroid can be
determined by the common tangent rule in principle, but it is hard
to locate the boundary precisely by numerical methods. Thus the
line we put there should be considered just as a guide to the eye.

As can be seen from Figure 1b-d, the existence window of the
“inverted” fcc structure, SB

fcc, becomes larger than that of the
“inverted” bcc structure, SB

bcc, when the copolymers becomemore
asymmetric, i.e., the so-called “crew-cut” micelles (with small f )
favor the fcc structure, while “hairy”micelles (with larger f ) favor
bcc structure. Also, at low temperature (large χBS) the system
favors fcc structure, while at high temperature (small χBS),
especially near the melting line, the system favors bcc structure.
These behaviors are consistent with the experimental13,24 and
theoretical19,25,26 results. Besides the reasons discussed in the
above literatures, a possible mechanism may play the key role,
which is the packing frustration.19,25 Because of the incompres-
sibility of the system, the spherical micelles must fill the whole
space. Thus each micelle has to transmute its shape from sphere
to that approaching the Wigner-Seitz cell of the ordered struc-
ture. This causes a conformational entropy reduction of each
copolymer chain. This kind of transmutation is much harder for
the “inverted” micelles than the normal micelles, because the
outer part of each “inverted” micelle is composed of the shorter
swollen blocks, which have less conformational entropy to adjust
than that of the longer chains. Since the Wigner-Seitz cell of fcc
lattice (dodecahedron) approaches a spheremore than that of bcc
lattice (truncated octahedron), the “inverted” spherical micelles
favor fcc packing when f becomes smaller, as shown from part b
to part d in Figure 1.

To investigate the lyotropic transitions further, two ( f, φhC)
slices through the phase hypercube are given in Figure 2. As can
be seen from Figure 2a, OOT lines all tilt to the right. This is a
direct result of adding the solvent, which changes the effective
composition of the diblock copolymer. (More discussions will be

given in next section.)While that χBS=0.65 is just corresponding
to themoderately selective solvent case, the addition of a strongly
selective solvent always brings more complication to the system,
which is indicated byFigure 2b. In this case of a strongly selective
solvent, an obvious existence window of the “inverted” fcc
spheres (i.e., SB

fcc in the range 0.18< f < 0.5) is located as well
as two normal close-packing structures. When f becomes small
enough, neither GA nor GB is stable, and the L þ H coexistence
enters. On the other hand, lyotropic “reentrant” transitions can
be observed when f is beyond 0.7. Because the solvent is A-
selective in Figure 2, macrophase separation to a copolymer-rich
phase and a solvent-rich phase must anticipate in the limit ff 0.
However, we do not find such a macrophase separation, at least
in the parameter regions shown in Figure 2.

Figure 3 is of three ( f,χBS) slices. The main progression in
behavior follows from the previous perspective. For φhC=0.75
(Figure 3a), the phase behavior of the system is only slightly
different from the melt, and the diagram is approximately
symmetric with respect to the axis of f= 0.5. For φhC = 0.5
(Figure 3b), the solvent selectivity has more apparent effects on
the self-assembly of the copolymer. The regions of the structures
on the right-hand side of L become broader while others are
compressed. “Reentrant” OOTs accompanying with varying χBS
emerge in some regions of Figure 3 (b). For φhC =0.25 (Figure 3,
parts c and d), the A block of each copolymer is swollen much
more than the B block. Thus the phases that are marked with a
subscript A are stable only in a very small corner. Two L þ H
coexistence windows are also clear in this case.

Discussions

In this section, we begin with some comments on the general
features of phase behaviors of diblock copolymer solutions. Then
two interesting phenomena, i.e., the L þ H coexistence and the

Figure 1. Two-dimensional phase diagramas a function ofφhC and χBS for a diblock copolymer solutionwith χAB=0.1, χAS=0.2 and (a) f=0.5,N=
200; (b) f=0.5,N=150; (c) f=0.3,N=150; (d) f=0.18,N=150. The ordered phases are denoted as follows: L, lamellae; H, hexagonally packed
cylinders; G, gyroid; Sbcc, body-centered cubic spheres; Sfcc, face-centered cubic spheres. Dis stands for the disordered phase. The subscript of each
symbol refers to the core composition. The boundary between the regions of L þ HB and GB should be considered just as a guide to the eye.
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transition between the “inverted” fcc structure and the “inverted”
bcc structure, are discussed separately.

General Comments.Generally speaking, most of the phase
transitions of a diblock copolymer solution can be compre-
hended by a simple intuitive geometric consideration, which
is based on the relevant concepts of diblock copolymer
melts19 and summarized by Hanley and co-workers as
“trajectory approach”.12 The key point is that the addition
of a selective solvent always makes the two blocks of the
diblock copolymer unequally swollen, leading to changes of
the effective composition of the copolymer and the degree of
segregation of the system. Thus a sequence of transitions in a
copolymer solution is generally corresponding to a tilting
trajectory on the phase diagram of a neat copolymer. Take
an AB-copolymer of f=0.3 as an example. In the melt state,
it will display hexagonally packed cylinders, HA. With the
addition of an A-selective solvent, A-domains must be
swollen more than B-domains, which corresponds to an
increase of the effective composition. Therefore a sequence
of HA f GA f L f GB f HB f SB

bcc via dilution can be
expected if χBS is large enough, which is verified in Figure 1c.
The “reentrant” transitions in Figure 1 and Figure 3, which
are obtained by changing χBS, can be understood by a similar
consideration. According to the discussions above, there are
two factors to determine the structure of a copolymeric
system. One is the degree of segregation, which corresponds
to a vertical trajectory on the phase diagram of the melt case.
The other is the effective composition of the copolymer,
which corresponds to a horizontal trajectory. Changing χBS
will change these two factors simultaneously. However,
when φhC is low but χBS is high (e.g., the area of φhC < 0.5
and χBS > 0.75 in Figure 1b), the system is in the strong
segregation region where the stable structure of the system is

insensitive to the degree of segregation. For this case, the
effective composition becomes the dominant factor. Then
via decreasing χBS, the degree of segregation lower, and it is
necessary to consider both of the two factors to determine the
equilibrium phase when χBS is low enough (e.g., χBS< 0.7 in
Figure 1b). The system can have the same structure in the two
limits and so a “reentrant” transition comes. The lyotropic
ODT andOOT in Figure 2b can be discussed in a similar way
except that the changes of these two factors now result from
the dilution effect caused by the solvent.

It should be pointed out that when f<0.1 or φhC<0.1, the
periodicity of each ordered phase becomes divergent quickly
and the volume fraction of the solvent in the center of the
major domain converges to a hundred percent due to our
calculations (not shown here). This implies an existence of a
disordered micelle state which cannot be verified rigorously
in this work. Thus we only present the results in the area of
f g 0.1 and φhC < 0.1.

The LþH Coexistence. Although the emergence of co-
existence is not captured in previous discussions, it is not
surprising in itself. Because all the OOTs examined here are
of first order, coexistence region must be along each phase
boundary when φhC is set to be a variable. However, for most
of the OOTs the coexistence window is very small. The
typical value of the width, ΔφhC, of the coexistence window
between adjacent structures is of order 10-3, which is much
smaller than the resolution of any figure presented here.
Contrarily, when the solvent is strongly selective and the
copolymer is of high asymmetry in composition, the pre-
sumable location of gyroid phase between L and H is
replaced by an L þ H coexistence window, the width of
which is of order 0.05 in terms of ΔφhC. Nevertheless, it
should be noted that the LþH coexistence is peculiar in
a sense, because L and H are not adjacent structures in the
phase diagramof diblock copolymermelts. This is the reason
why the L þH coexistence window can be much wider than
the ones between adjacent structures.

It is well-known that the equilibrium structure of a con-
formationally symmetric diblock copolymer melt is attrib-
uted to the subtle balance of spontaneous curvature and
packing frustration.19 By this consideration, gyroid must
exist as a consequence of a compromise between L and H in
the case of copolymer melt. However, there can be another
kind of compromise, i.e., the coexistence, in a solution. Then
the phase behavior of the system is the result of the competi-
tion between these two possibilities. It is verified by the
calculations that the existence window of gyroid becomes
narrower with lowering f and increasing χBS, which reflects a
tendency of lifting of the corresponding free energy curve.
Thus a replacement by LþH coexistence should occur when
the free energy curve of gyroid is higher than the common
tangent between L and H, which are adjacent to the gyroid.
This kind of processes is illustrated inFigure 4. Figure 4 is the
curves of reduced free energy,27 Fred, for different phases
around the boundary between the regions of LþHB andGB

in Figure 1d. The lifting of the free energy curve of gyroid
with respect to other curves accompanying with increasing
χBS is clear in this figure.

By similar considerations, other kinds of coexistence are
also possible. However, they do not appear on the diagrams
presented here from the calculations. Moreover, there is no
experimental evidence for other kinds of coexistence either.

The Transition between “Inverted” fcc and “Inverted” bcc.
There are two kinds of fcc-bcc transition in our system. One
is the transition between the normal fcc and the normal bcc.
This case has been discussed in detail elsewhere16,25 and we
do not intend to focus on this topic here. But it should be

Figure 2. Two-dimensional phase diagram as a function of f and φhC for
a diblock copolymer solution with χAB= 0.1, χAS= 0.2,N=150 and
(a) χBS = 0.65; (b) χBS = 0.85. The meanings of the symbols are the
same as Figure 1. The boundary between the regions of L þ H and
gyroid should be considered just as a guide to the eye.
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pointed out that the normal fcc-bcc transitions usually
occur near the ODT lines and thus are always concealed by
fluctuation effects in practice.

The other kind of fcc-bcc transition is between “inverted”
cubic phases, as can be seen in Figure 1b and Figure 2b.
This is one of the most interesting phenomena in block
copolymer solutions and much work has been done both
experimentally and theoretically in order to explore the
mechanism behind.24,26,28,29 Our observation that “in-
verted” fcc packing is stable at low φhC and large χBS is
qualitatively in agreement with previous studies. However,
themechanism of this kind of transition is still not very clear.
The discussions on this topic before have always focused on
the interaction between micelles, which cannot be verified
directly by SCMFT calculations. Nevertheless, some hints
can be obtained here. We decompose the free energy per
monomer (eq 2) into three parts:

FCS

F0VkBT
¼ 1

V

Z
dr ½χASφAðrÞφSðrÞ þ χBSφBðrÞφSðrÞ� ð10Þ

FAB

F0VkBT
¼ 1

V

Z
dr χABφAðrÞφBðrÞ

�

-
1

N
ωAðrÞφAðrÞ -

1

N
ωBðrÞφBðrÞ

�
-
φC

N
lnQC ð11Þ

FS

F0VkBT
¼ -

1

NV

Z
dr ωSðrÞφSðrÞ - φS lnQS ð12Þ

where the unimportant constants are ignored. Obviously,
FCS is the contribution of the interaction between solvents

and AB-copolymers; FS is the contribution of the trans-
lational entropy of the solvents; FAB is the contribution to
the free energy by AB-copolymers themselves. Then the
difference between the free energies of “inverted” fcc and
“inverted” bcc, ΔFtot, is also composed of three parts:

ΔFtot ¼ ΔFCS þΔFAB þΔFS

where

ΔFR ¼ F fcc
R -Fbcc

R

F0VkBT

with R = CS, AB, and S.
Figure 5 shows the free energy difference per monomer

(in the unit of 10-5kBT ) between “inverted” fcc and “in-
verted” bcc as a function of χBS. Figure 5a is for the case
of f=0.3 and φhC=0.15. In this case, the structure of the
system is “inverted” fcc for high χBS and transforms into
“inverted” bcc when χBS≈ 0.76 as indicated by the dash-dot-
dot line. As can be seen from Figure 5a, ΔFAB always
has negative value and hence favors fcc packing. However,
it is also indicated by the figure that ΔFAB is less impor-
tant for most cases. The main contributions to ΔFtot are
made by the terms of ΔFCS and ΔFS. Nevertheless, ΔFS

is positive to the “right” of the transition line where
ΔFtot is negative. This disfavor to the structure of “inverted”
fcc is conquered by the ΔFCS term. Figure 5b is for the
case of a symmetric diblock copolymer solution at the
same concentration as Figure 5a.30In this case, the signs
of ΔFCS and ΔFS are opposite to those in Figure 5a. But
SB
bcc is the stable structure now and so the equilibrium

structure is also stabilized by the ΔFCS term. In a word,
it is indicated by Figure 5 that the solvent-copolymer

Figure 3. Two-dimensional phase diagramas a functionof f and χBS for adiblock copolymer solutionwithχAB=0.1, χAS=0.2,N=150and (a)φhC=
0.75, (b)φhC=0.5, (c) φhC=0.25, and (d)φhC=0.25. Figure 3d is the enlarged region inFigure 3cwith 0.1e fe 0.4 and 0.6e χBSe 0.9. Themeanings of
the symbols are the same as Figure 1. The boundary between the regions of L þ H and gyroid should be considered just as a guide to the eye.
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interaction plays an important role in the “inverted” fcc-bcc
transition.

Conclusions

We have employed an SCMFT calculation to investigate the
phase behaviors of AB-diblock copolymer solutions. Several
slices through the phase hypercube have been presented in order
to give a comprehensive description. As can be seen from the
phase diagrams, the systemof highφhChas similar behaviors of the
melt case. Upon dilution, series of phase transitions occur. While
a strongly selective solvent makes the self-assembling behavior
diverse, the case of a weakly selective solvent is as simple as the
neutral solvent case. Most transitions on the phase diagrams can
be regarded as direct results of the nonuniformly distributing of
the solvent into the domains of the two species.

In addition to the general transitions, some interesting features
do come. First, wide windows of lamellae þ cylinder coexistence
are located for the cases of highly asymmetric diblock copolymers
in strongly selective solvents, which is in agreement with previous
experimental observations. Second, the transitions between “in-
verted” fcc and “inverted” bcc have been observed. It is indicated
by our calculation that the solvent-copolymer interaction is a key
point to understand the transitions of this kind, although the
mechanism underneath still needs further exploration.
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