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Surface-induced phase transition of asymmetric diblock copolymer in selective solvents is first theoretically
investigated by using the real-space version of self-consistent field theory (SCFT). By varying the distance
between two parallel hard surfaces (or the film thickness) W and the block copolymer concentration fp, several
morphologies are predicted and the phase diagram is constructed. Self-assembly morphologies of the diblock
copolymer in dilute solution are found to change significantly with different film thickness. In confined systems,
stable morphologies found in the bulk solution become unstable due to the loss of polymer conformation
entropy. We find that in a very dilute block copolymer solution, phase separation can be induced through
polymer depletion as the solution becomes more confined. Our findings provide an interesting starting point
for a renewed effort in both experimental and theoretical investigations of confined block copolymer solutions.

I. Introduction
Self-assembly and phase separation in diblock copolymers
have been well-studied and -characterized both theoretically and
experimentally in the past few decades.1-8 Block copolymers
can microphase-separate into a wide range of highly ordered
nanoscale morphologies for the design of desirable nanomaterials.9,10 In thin films, incompatibility between different polymer
components and the thin film thickness creates frustration, the
effect of which can be probed by surface-induced effect. The
presence of a surface or interface can strongly influence the
microdomain morphologies and the kinetics of microdomain
ordering. In general, phase separation is accompanied by a
minimization of the interfacial area of contact between dissimilar
components, resulting in a reduction of the enthalpy. This is
accompanied by a reduction of the conformational entropy of
the polymer chains. The complex and rich micromorphologies
depend not only on the molecular parameters such as the
interaction energies between distinct blocks and the architectures
of the block copolymers but also on external variables such as
the electric fields,11,12 the temperature gradients,13 the chemically
patterned substrates,14-21 and the interfacial interactions.22-25
Surface effects play important roles in the solution stability
in thin films. The phase behavior of diblock copolymers melts
confined in a parallel slit or in a thin film has been extensively
studied.26-32 Much of the current work focuses on the influence
of surfaces or interfaces on the ordering properties of symmetric
diblock copolymers, f ) 0.5.33,34 The lamellae morphology of
block copolymers can align either parallel or perpendicular to
the surfaces, depending on the film thickness and the wetting
properties of the confining surfaces.35 Asymmetric diblock
copolymer films with comparable thickness to the bulk domain
also often form the lamellar morphology.30,31,36 Relatively little
work has been done on the phase behavior of thin films of
asymmetric block copolymers until recently.30,31,36
Asymmetric block copolymers can form vesicles and different
micelles such as spherelike and rodlike micelles in selective
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solvents.37-41 Among these microstructures, vesicles are of
fundamental and practical interests as they have many potential
applications as microreactors, microcapsules, and drug delivery
systems.42-44 Solvent-influenced ordering has been exploited
to control the morphology of block copolymer thin films without
any thermal treatment.45-50 The adsorption of diblock copolymers from a selective solvent onto a flat solid substrate also
results in the formation of laterally ordered microdomains.51-54
The morphologies or self-assemblies of the amphiphilic highly
asymmetric diblock or triblock copolymer with minor end blocks
in dilute solution have been widely studied experimentally37,38,40,55,56 and even theoretically.41,57-59 However, there has
been little consideration on the self-assemblies of block
copolymers in dilute solution in confined systems, which are
of interest in many biological systems. The phase behavior of
block copolymer in dilute solution may be very different from
that in the bulk. A hard surface or interface will induce polymer
depletion, which can lead to local concentration gradients and
solution phase separation under the appropriate conditions.60,61
In this work, we extend theoretical consideration to the
surface-induced phase transition of block copolymers in solutions. On the basis of the recent development of self-consistent
field theory (SCFT) for the study of morphologies (e.g. twodimensional circular and linear micelles corresponding to
vesicle/spherelike and rodlike micelles in three dimensions) of
the amphiphilic block copolymer in dilute solution,41,57-59,62 we
investigate the phase behavior of confined asymmetric diblock
copolymers in solution in a parallel slit. The influences of the
slit height and the concentration on block copolymer morphology are studied systematically, and the phase diagram is
constructed. In the next section we briefly introduce the SCFT
formulation used in our study. The results of the calculations
and simulations are presented in section III.
II. Theoretical Method
We employ the SCFT for a mixture of np linear AB diblock
copolymers with ns solvent molecules confined between two
parallel hard surfaces, as shown in Figure 1. Each copolymer
chain consists of N segments with compositions (average volume
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Minimization of the free energy with respect to density and
pressure, δF/δφ ) δF/δξ ) 0, leads to another four equations.

Figure 1. Schematic diagram of AB diblock copolymer solution
confined between two parallel hard surfaces. The black, gray lines,
and small light gray spheres represent blocks A, B, and solvents,
respectively. L and W are the length and thickness of the film,
respectively.

fractions) fA and fB (fB ) 1 - fA), respectively. We assume the
mixture is incompressible, with each polymer segment occupying a fixed volume F0-1 and each solvent molecule taking the
same volume VS ) F0-1. Thus, the total volume of the system
is V ) npN/F0 + nSVS, the volume fraction of the AB diblock
copolymer is fp ) npN/VF0 and that of the solvent is fS ) 1 fp. Furthermore, we assume that the A and B segments have
the same segment length a.
In the SCFT one considers the statistics of a single copolymer
chain in a set of effective chemical potential fields wi, where i
represents block species A, B, or solvent S. These chemical
potential fields, which represent the actual interactions between
different components, are conjugated to the segment density
fields, φi, of different species i. The free energy of the system
is given by

NF
) - fp ln(Qp/fpV) - NfS ln(QS/fSV) kBTF0V
1/V

∫ dr[wAφA + wBφB + wSφS + ξ(1 - φA - φB - φS)] +
1/V∫ dr[χABNφAφB + χASNφAφS + χBSNφBφS] (1)

where χij is the Flory-Huggins interaction parameter between
species i and j and ξ is the Lagrange multiplier (which acts as
a pressure). Qp ) ∫ dr q(r,1) is the partition function of a single
chain in the effective chemical potential fields wA and wB. QS
) ∫ dr exp(-wS(r)/N) is the partition function of the solvent
in the effective chemical potential field wS. The fundamental
quantity to be calculated in mean-field studies is the chain
propagator q(r,s), which represents the probability of finding
the end of a segment with contour length s at position r. q(r,s)
satisfies a modified diffusion equation using a flexible Gaussian
chain model63

Na2 2
∂
q(r,s) )
∇ q(r,s) - wq(r,s)
∂s
6

(2)

where w ) wA when 0 < s < fA and wB when fA < s < 1. The
initial condition of eq 2 satisfies q(r,0) ) 1. Because the two
ends of the AB block copolymer are different, a second chain
propagator q+(r,s) is needed which satisfies eq 2, with the righthand side multiplied by -1 and the initial condition q+(r,1) )
1. The density of each component is obtained by

fpV fA
ds q(r,s) q+(r,s)
Q 0
fpV 1
ds q(r,s) q+(r,s)
φB(r) )
Q fA
fSV
exp(-wS(r)/N)
φS(r) )
QS

φA(r) )

∫

(3)

∫

(4)
(5)

wA(r) ) χABNφB(r) + χASNφS(r) + ξ(r)

(6)

wB(r) ) χABNφA(r) + χBSNφS(r) + ξ(r)

(7)

wS(r) ) χASNφA(r) + χBSNφB(r) + ξ(r)

(8)

φA(r) + φB(r) + φS(r) ) 1

(9)

We solve eqs 3-9 directly in real space by using a
combinatorial screening algorithm proposed by Drolet and
Fredrickson.64,65 The algorithm consists of randomly generating
the initial values of the fields wi(r). Using a Crank-Nicholson
scheme and an alternating-direct implicit (ADI) method,66 the
diffusion equations are then integrated to obtain q and q+, for
0 < s < 1. Finally, the right-hand sides of eqs 3-5 are evaluated
to obtain new values for the volume fractions of blocks A, B,
and solvent S.
The numerical calculations were performed in two-dimensional space with L × W grid points in the xz-plane. The surfaces
were represented as lines with a thickness of 1 grid point and
positioned at 0 and W + 1. The grid size ∆x ) ∆z ) ∆ ) 0.5a.
Periodic boundary is used along the x-direction, and the regions
of z < 1 and z > W are forbidden. All calculations have been
done with L ) 200∆, which is large enough (L . Rg) to avoid
periodic boundary effects on the microstructure. Our simulation
is performed using an initial random distribution of concentration
with a fluctuation amplitude of ∆fp ) 10-4 to ensure that the
observed morphologies are independent of the initial condition.
The simulation is carried out until the phase patterns are stable
and the free energy difference between two iterations is smaller
than 10-6, i.e., ∆F < 10-6. All the simulations are repeated by
using different random numbers to guarantee the observed
structures are not artifacts.
Our calculations investigate the A3B17 diblock copolymers
(fA ) 0.15) with a radius of gyration (Rg) of 1.826a in selective
solvent. The interaction parameters are set to be the following:
χABN ) 15, χASN ) 0.5, and χBSN ) 25. Therefore, the solvent
is a good solvent for block A; i.e., block A is hydrophilic and
short enough to ensure the crew-cut aggregates are formed.
III. Results and Discussion
We first discuss how the distance between two hard surfaces
affects the block copolymer morphologies. We focus on the
block copolymers in dilute and/or semidilute solution because
amphiphilic block copolymers can form vesicles and different
complex micelles such as spherelike and rodlike micelles.37-40
By continuously varying the film thickness W and the concentration of block copolymers fp, we have constructed the phase
diagram shown in Figure 2. The lines represent the calculated
theoretical phase boundaries. There are at least six phase regions
found in our simulation: Dis, V, V + S, V + S + R, R + S,
and R, which correspond to the disordered phase; vesicles;
mixtures of vesicles and spheres; mixtures of vesicle, spheres,
and rods; mixtures of rods and spheres; and rods in 3D,
respectively. We will use the 3D descriptions for different
morphologies to clearly describe our 2D results.
Vesicles easily form in very dilute block copolymer solution.37,38,40,55 The stable morphologies formed by the A3B17
diblock copolymers in selective solvents for different film
thicknesses at fp ) 0.15 are shown in Figure 3. Figure 3a shows
that, in bulk solution, the block copolymers form a stable
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Figure 2. Phase diagram of confined asymmetric diblock copolymer
in selective solvents as a function of W and fp. The parameters are fA
) 0.15, χABN ) 15, χASN ) 0.5, and χBSN ) 25.

Figure 3. Morphologies of the asymmetric AB diblock copolymers
in selective solvent with different film thicknesses at fp ) 0.15: (a)
stable morphology in bulk system (without confinement), (b) W ) 50∆
(13.7Rg), (c) W ) 48∆ (13Rg), (d) W ) 30∆ (8.2Rg), and (e) W ) 10∆
(2.7Rg). The black and gray colors represent blocks A and B,
respectively.

mixture of vesicles and spherelike micelles (V + S). The stable
morphologies change with confinement. When the hard walls
are far from each other, the morphology is similar to the one in
bulk. For W ) 50∆ (13.7Rg) the number of vesicles decreases
and the rodlike micelles emerge, and the solution contains a
stable mixture of vesicle, rodlike, and sphere-like micelles (V
+ S + R), as shown in Figure 3b. As the confinement further
decreases to W ) 48∆ (13Rg), the vesicles disappear and only
rodlike and spherelike micelles remain (R + S), as shown in
Figure 3c. The change in the morphologies from W ) 50∆ to
W ) 48∆ results from the fact that the spherelike and rodlike
micelles are more entropically favorable than the vesicle when
the film thickness W is comparable to the diameter of the
vesicles. Only the rodlike micelles are found if the confinement
is less than four to five times Rg of the diblock copolymer (see
Figure 3e). The rodlike micelles align parallel to the surface to
avoid frustration and decrease the free energy of the system.
Figure 4 shows the transition between different morphologies
of the A3B17 block copolymer under bulk and confined
conditions at fp ) 0.075. In the bulk, only the vesicle
morphology is observed (V). As the confinement strength
increases, the spherelike micelles (V + S) appear, as seen in
Figure 4b. Vesicle formation is suppressed at W ) 35∆ (9.6Rg)
for the same reason as for the fp ) 0.15 system, and only
spherelike and rodlike micelles are found (R + S).
The most interesting observation for the A3B17 block copolymer solution is that phase separation occurs in a confined system
when the copolymer solution is so dilute that the solution is
well-mixed in the bulk, such as for fp ) 0.05. The disordered
phase is stable until the starlike aggregates of vesicles form at
W ) 130∆. Figure 5 shows the morphologies of the block
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Figure 4. Morphologies of the asymmetric AB diblock copolymers
in selective solvent with different thicknesses of the film at fp )
0.075: (a) stable morphology in bulk system (without confinement),
(b) W ) 50∆ (13.7Rg), (c) W ) 35∆ (9.6Rg), (d) W ) 15∆ (4.1Rg),
and (e) W ) 10∆ (2.7Rg).The black and gray colors represent blocks
A and B, respectively.

Figure 5. Morphologies of the asymmetric AB diblock copolymers
in selective solvent with different thicknesses of the film at fp ) 0.05:
(a) W ) 130∆ (35.6Rg), (b) W ) 100∆ (27.4Rg), (c) W ) 70∆ (19.2Rg),
(d) W ) 40∆ (11Rg), (e) W ) 35∆ (9.6Rg), and (f) W ) 10∆ (2.7Rg).
The black and gray colors represent blocks A and B, respectively.

copolymers for W ) 130∆, 100∆, 70∆, 40∆, 35∆, and 10∆
(35.6, 27.4, 19.2, 11, 9.6, and 2.7Rg). The aggregate number of
vesicles decreases as the confinement increases, and the budding
vesicle forms at W ) 100∆ (Figure 5b). Separated vesicles form
as we further decrease W to below 70∆ (Figure 5c). In contrast
to the fp ) 0.15 case in Figure 3c, it is more energetically
favorable for the diameter of the vesicle to decrease than form
spherelike micelles due to the very dilute block copolymer
concentration. The morphology changes from the vesicle
morphology directly to the rodlike micelles, without an observation of the spherelike micelles. In this very dilute solution,
confinement not only can induce phase transition but it also
reduces the morphology space.
To clarify the role of confinement on introducing long-range
order of the microdomains, we consider the density profiles of
block copolymers perpendicular to the surfaces at film thicknesses in which the solution is disordered. Figure 6 shows the
one-dimensional density profiles along the z-direction at fp )
0.05 with W ) 180∆ (49.3Rg), 150∆ (41.1Rg), and 135∆ (37Rg).
A depleted region of block copolymers can be clearly seen near
the surfaces. Polymer segments are excluded from the surface
due to the conformational restrictions, leading to higher
concentration of block copolymers at the central part of the film.
As the confinement effect increases from W ) 180∆ to 135∆,
the depletion region grows relative to the slit height (but remains
approximately Rg), resulting in higher concentration of block
copolymers in the center of the film and higher solvent
concentration near the surfaces. Moreover, blocks A (hydrophilic) tend to aggregate closer to the surfaces than blocks B
(hydrophobic) due to higher solvents concentration near the
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copolymer chain S/kB is given by

( )

QP
1
S
) ln
+
kB
fP V
fPV

∫ dr (wAφA + wBφB)

(10)

And the entropy of a single solvent molecule SS/kB is

( )

QS
SS
1
) ln
+
kB
fSV
NfSV
Figure 6. Density profile of diblock copolymers perpendicular to the
surfaces at fp ) 0.05 with W ) 180∆ (49.3Rg) (solid line), 150∆
(41.1Rg) (dashed line), and 135∆ (37Rg) (dotted line). The abscissa of
the figure is reduced by W.

∫ dr wSφS

(11)

The interfacial energy Fint is described by

NFint
)
kBTF0V
1
dr (χABNφAφB + χASNφAφS + χBSNφBφS) - Fint0 (12)
V

∫

Figure 7. Reduced density profile of diblock copolymers perpendicular
to the surfaces at fp ) 0.05 with W ) 135∆ (37Rg).

surfaces, as shown in Figure 7. The block copolymers selfassemble when the concentration of polymers in the slit center
is larger than the critical micelle concentration (cmc ∼ 0.058
in the bulk solution in this case).
To elucidate how confinement affects the phase transition of
the block copolymer, we provide insight by calculating the
entropic contributions from the block copolymer and the solvent,
as well as the enthalpy of the interfacial polymer-solvent and
different block interactions. The entropy of a single block

where Fint0 is the reference interaction energy, which takes the
form Fint0 ) χABNfP2fAfB + χASNfPfAfS + χBSNfPfBfS.
It is well-known that the entropic polymer depletion effect
affects the system phase behavior more strongly in dilute and
semidilute solutions rather than in concentrated solutions.61
Figure 8a shows the order-disorder transition of the block
copolymer for fp ) 0.05 at W ) 130∆ (∼35.6Rg) and a
corresponding sharp decrease in S/kB. In this case, the decrease
in polymer entropy is due to self-assembly of the block
copolymer, which is induced by the polymer depletion effect.
As shown in Figure 6, the polymer concentration near the center
of the confinement is greater than the critical micelle concentration, leading to the self-assembly of vesicle aggregates. As the
confinement decreases further, the entropy of a single block
copolymer chain S/kB decreases with decreasing W, and very
rapid decrease occurs at a film thickness of approximately 2∼3
Rg. In such highly confined system, vesicles cannot remain stable
due to the polymer conformational entropy loss, leading to the
rodlike micelle morphology.
The entropy of a single solvent molecule SS/kB, in contrast
to the polymer entropy, stays almost constant for varying slit

Figure 8. (a) Entropy of a single-block copolymer chain S/kB, (b) entropy of a single solvent molecule SS/kB, and (c) interfacial energy NFint/
(kBTF0V) as a function of the film thickness W for fp ) 0.15 (squares), 0.075 (spheres), and 0.05 (triangles).
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height through different block copolymer morphologies, as
shown in Figure 8b. SS/kB changes weakly only when W e 5Rg,
and the depletion of polymers from the walls leads to higher
local concentration of solvent molecules near the walls. The
interfacial energy change shown in Figure 8c has a trend similar
to the entropic free energy of the block copolymers; i.e., the
rapid decrease occurs for W < (2-3)Rg. Comparing the
magnitude of the polymer entropy change, the solvent entropy
change, and the interfacial free energy change as the film
thickness decreases, the change in the conformation entropy of
the block copolymer is the dominant contribution that favors
the rod micelle morphology for highly confined systems.
IV. Summary and Conclusion
Confinement-induced phase transition of asymmetric diblock
copolymer in selective solvents is investigated by using the real
space version of self-consistent field theory (SCFT) for the first
time. By varying the film thickness and the concentration of
block copolymers, several phases are predicted. The influences
of the film thickness and the concentration of block copolymers
on chain conformations and interfacial free energy are studied
systematically. The predictions show that increasing the confinement effect/reducing the film thickness has a strong influence
on the morphologies of the block copolymer in selective
solvents. At the highest polymer concentration fp ) 0.15, as
the slit height decreases from W ) 50∆ to 10∆, the morphologies change from V + S to V + S + R to R + S and finally
to R. At fp ) 0.075, the morphology varies from V to V + S to
R + S and finally to R. At fp ) 0.05, vesicle self-assembly can
be induced by confinement as the slit height decreases to W )
130∆, and the morphology varies from V to R at W ) 35∆.
These studies show that the block copolymer concentration also
strongly affects the confinement-induced phase transition of
block copolymers in solutions.
A very interesting observation is that even for confinement
that is much larger than the chain radius of gyration (W ∼
35.6Rg), confinement effect alone can induce a phase separation
when the copolymer concentration is just below the critical
micelle concentration. Polymer depletion can clearly be seen
near the surfaces, leading to higher concentration of block
copolymers at the central part of the film that is above the cmc.
In a highly confined solution (W ∼ (2-3)Rg), the entropy of
the block copolymer dominates the change in micelle morphology because polymer chain conformations are restricted. The
change in polymer conformation leads to the reduction of the
morphology space, such that strong surface confinement can
speed up rearrangement of the microdomains.
The 2D calculation also provides us with a qualitative
understanding of the depletion-induced phase transition and
morphology changes in the 3D system as the block copolymer
solution becomes more confined. For the 3D system, more selfassembled morphologies are possible with the additional degree
of freedom. As the polymer depletion effect and the polymer
conformational entropy become significantly affected by the
confinement, we expect to find changes similar to 2D in the
block copolymer morphology. Our findings offer an interesting
starting point and a priori knowledge for a renewed effort in
both experimental and theoretical investigations of dilute
asymmetric block copolymer solutions in confinement. The
surface-polymer interactions will strongly affect the phase
transition of block copolymers in solutions and will be
considered in our following work.
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