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We study the equilibrium morphology of an asymmetric A-B diblock copolymer solution film confined
between homopolymer-grafted substrates by using self-consistent-field calculations. We find that on decreasing

the copolymer concentration, a reentrant

structural

transformation between hexagonal — lamellar

— hexagonal phases occurs as a result of the competition between the wetting effect of the brush surface and
the bulk phase behavior of the asymmetric copolymer driven by the A-B interfacial tension.
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Block copolymers have received much attention, both
experimentally and theoretically, because they can mi-
crophase separate to form a wide range of highly ordered
nanoscale morphpologies [ 1] which help to design new func-
tional materials. Depending on the relative fraction of
block components, the self-assembled regular structures can
be lamellar, cylindrical, and spherical. Recently, there has
been a growing amount of studies on the ordering behavior
of films of block copolymers. Several methods have been
developed for realizing the well-defined structures, including
confinement [2-11], external fields [12,13], solvent field
[14,15], patterned surfaces [16,17], and surface topography
[18,19]. In particular, surface effects play a very important
role in the phase separation of films, which can change
bulk phase behavior of copolymers. For example, a symmet-
ric block copolymer film with comparable thickness to
the bulk domain [6,8], which is confined between two
solid surfaces, can often form a lamellar phase. The orienta-
tion of the formed lamellae is either parallel or perpendicular
to the substrates, which strongly depends on the film thick-
ness and wetting property of the confining surfaces
[3,20-25].

Furthermore, if one considers copolymer solutions, the
phase behavior will become more complicated due to the
diluting effects from solvents. Previous theoretical studies
have found order-order and order-disorder transitions of
block copolymer solutions [26-28] and examined the
possible macrophase separation and regions of two-phase
coexistence [29,30] as functions of solvent selectivity,
temperature, and the concentration and relative composition
of copolymers. Experimental studies have also demonstrated
such rich phase transitons [31,32]. In contrast to pure copoly-
mer film, however, the phase behavior of copolymer solution
films has received much less attention. In the present
paper, we present a theoretical study on asymmetric diblock
copolymer solution films confined between two surfaces
by using self-consistent-field theory (SCFT) [33] and find
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that a rich phase behavior of well-defined highly ordered
structures can be achieved by grafting polymer chains
onto surfaces. As is well known, the polymer chains, which
are grafted by one end to a solid surface at relatively high
concentrations, stretch away from the interface, forming a
polymer “brush” [34]. Polymer brushes can modify surface
properties including adhesion, lubrication, and wetting be-
havior [35], which have many useful applications such as
colloidal stabilization, polymeric surfactant, and biocompat-
ibility. Here, we will give emphasis to different entropy re-
pulsive effects of polymer brushes to long copolymer chains
and small solvent molecules, which can control the thickness
of confined solution film. The aim is to consider the influ-
ences of entropically elastic effects of brushes on the asym-
metric copolymer phase-separating behavior [36]. By calcu-
lating the equilibrium morphology of asymmetric diblock
copolymer solution films, we find a reentrant hexagonal-
lamellar-hexagonal transition upon variation of the solution
concentration. The effect may be attributed to the competi-
tion among the wetting interfaces of brushes, the asymmetric
copolymer bulk phase behavior, and the effective thickness
of confined films.

We consider a mixture of A-B-diblock copolymers
and solvent confined between two planar surfaces with a
distance L, along the z axis. The two substrates which
are grafted with n,,. A-type homopolymer chains are horizon-
tally placed in xy plane and positioned at z=0 and
z=L_, respectively. We assume translational invariance along
the y axis, and then the calculation can be reduced to
the xz plane. The copolymer concentration is ., with
the fraction f, of A segments. All polymer chains are
flexible with the same polymerization N and statistical length
a, and incompressible with a segment volume pal.
The volume of the system V is L, XL, where L, is the
lateral length of the surfaces along the x axis. The
grafting density is defined as o=n, /2L, the average
volume fraction of grafted chains is @,r=nb,Np51/ V, the
copolymer &,,=n,,Npy'/V=(V-n,Npy' ).,/ V where i,
is the copolymer solution concentration, and the solvent
¢s: I- ()Ebr_ ¢co'

In the SCFT theory, the free energy F for the present
system is given by
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where kp is the Boltzmann constant and 7 is the temperature.
XaBs Xas» and xpg are the Flory interaction parameters be-
tween A-B  monomers, A-monomer—solvent, and
B-monomer—solvent, respectively. ¢,,(r) is the local volume
fraction of grafted chains, ¢,(r) is the local volume fraction
of solvent, ¢@,(r) and ¢g(r) are the local volume fractions of
A and B segments, and &(r) is the potential field that ensures
the incompressibility of the system. W, .(r) is the self-
congsistent field felt by grafted polymer, W(r) is the self-
consistent field felt by solvent, and W,(r) and Wg(r) are the
self-consistent fields felt by A and B segments of copoly-
mers. Q,,=[drq,(r,s)q|(r,s) and Q.,=[drg,(r,s)qgi(r,s)
are single-chain partition functions for brushes and copoly-
mers, respectively. Q,=[drg,(r,1/N) is a solvent partition
function in the external field W(r). The end-segment distri-
bution functions ¢,(r,s) and g; (r,s) represent the probability
of finding monomers at position r, respectively, from two
distinct ends of chains, which satisfy the modified diffusion
equations

dg; a’N
g = 6 qui - Wi(r)g; (2)
and
ﬁqj a’N ) 4 5
-6 Vg + Wir)q;, (3)

respectively. For the grafted chains in the field W,(r), the
initial  condition is  ¢q(x,z=0o0r L,,0)=1, ¢;(x,z
#0 or L,,0)=0, and qI(x,z, 1)=1, which means that the end
of brush chains can move on the substrates, although the
total number of chains on surfaces is fixed. These have been
called liquid brushes, in contrast to solid brushes where the
immobile chains are anchored onto the surfaces [37]. Here
we consider the liquid brush case because of its wide-ranging
applications in colloidal and biological systems and, at the
same time, for computational efficiency. Furthermore, com-
pared with immobile cases, we find that no distinct deviation
is found under long and densely grafted homogeneous chains
[36]. For copolymer chains in the fields Wy(r) (0<s=<f,
along the A block) and Wg(r) (f4 <s<1 along the B block),
the initial conditions are ¢,(x,z,0)=1 and qg(x,z, 1)=1,
respectively. In addition, the only allowed trajectory of
polymer chains is within the region O<z<L,. For
small-molecule solvent, the modified diffusion equation be-
comes [27]
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By minimizing the free energy in Eq. (1) with respect to
Wi (r), Wy(r), Wp(r), W(r), ¢,,(r), @a(r), @p(r), ¢y(r), and
&(r), we obtain a set of self-consistent equations that de-
scribe the equilibrium morphology of confined copolymer
solution,

Wi (r) = xapNeg + xasNes + &(r), (5)
W4(r) = xagNes + xasNes + &(r), (6)
Wg(r) = xapN(@p, + ©4) + XsNe; + E(r), (7)
Wi(r) = xasN(@p, + @©4) + xpsNep + (1), (8)
¢brv ! T
‘Pbr(r) = dSC]l(l',S)‘h(r,s)’ (9)
Qbr 0
..V fa .
(PA(r) = £ f ds%(l',s)cﬁ(rss)’ (10)
Qco 0
&,V ! ,
o(r) =225 | dsgn(r.s)g)(r.s). (11)
Qco fa
(1) = ‘;Vq(}v) (12)
Cort oot ept@o=1. (13)

Our actual implementation of the SCFT follows the real-
space combinatorial screening algorithm of Drolet and Fre-
drickson [38] to numerically solve the self-consistent equa-
tions. To search the stable phases of the film, we first
ascertain the symmetries of the cylinder or lamellar structural
formation, and then calculate the free energy of the film.
Furthermore, the total free-energy minimization of the sys-
tem with respect to the selected simulation sizes is required
by adjusting the lateral dimension [39]. All the sizes are in
units of a.

We first study the effects of copolymer solution concen-
tration on the equilibrium morphologies of the present sys-
tem confined between two homopolymer-grafted substrates.
Here, we will choose x,sN=20 and y,sN=xsN=0 (i.e., the
solvent molecules are neutral to A/B copolymer components,
and there are no interactions between solvent and copolymer
components), and other parameters are fixed to be f4,=0.67
and 0=0.2. In Fig. 1, snapshots of the left-hand side show
the reentrant hexagonal — lamellar — hexagonal phase transi-
tion for asymmetric copolymer solution films with the dilu-
tion of copolymer solution. On the right-hand side of Fig. 1,
the corresponding density profiles for the brush (¢,,), solvent
(¢,), copolymer (¢,.,), and A blocks (¢,) and B blocks (¢p)
are given along the z axis. A set of curves for different solu-
tion concentrations ., has similar shapes. The periodical
variation of relative concentrations ¢4 and ¢p of copolymer
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FIG. 1. The density distributions (left column) for the B block of
asymmetric A-B copolymer solution at the x-z plane and the corre-
sponding x-direction-averaged profiles (right column) of ¢,,, @,
@4, ¢p, and @, along the z axis. Here, L, X L,=100X 100. The gray
scale bar shows the local density values of B blocks (left-hand side).
(a) ¢.,=0.88, (b) .,=0.81, (c) 4.,=0.78, (d) #,.,=0.65, and (e)
Y.0=0.55.

components displays the formation of modulated structures
of A- and B-block copolymer solutions in confinement. In-
terestingly, we find that the concentrations ¢4 and ¢p of co-
polymer components remain zero in the region of polymer
brushes, while the solvent concentration ¢, has almost the
same value at the brush region as in copolymer solution. This
means that small-molecule solvents can penetrate into
brushes, while long and flexible copolymer chains are ex-
cluded out of brushes. This, at the same time, will lead to the
relative increase of the copolymer concentration in the re-
gion between two brush surfaces, in contrast to that of co-
polymer solution films confined between hard walls.

As we know, for asymmetric copolymer melts, the bulk
phase-separated states are always hexagonal structures. On
the other hand, polymer brushes are strongly stretched and
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FIG. 2. Density distributions for polymer brushes. (a)
.,=0.88, (b) 1,,=0.78, and (c) 1, =0.65.

prefer to form flat interfaces [40]. Therefore, a lamellar
phase may be formed under confinement, due to the wetting
effect of brush-formed surface to the A block of the copoly-
mer. These two factors compete with each other in the
confined film and may result in the formation of final struc-
tures of copolymer solution. When the concentration of
asymmetric copolymer solution is high, a strong repulsive
interaction of A and B segments (o<, x4gN) will lead to
large interface tension between A and B domains, which
tends to drive the formation of hexagonally arranged cylin-
der phases [see Fig. 1(a)]. Instead, the brush-formed inter-
face will be deformed to maintain bulk hexagonal phases of
copolymers. Figure 2(a) shows the deformed shape of the
brush surface for .,=0.88, while the brush-formed interface
energy is disfavored. In contrast to the hard-wall case, the
flexible brush-formed interfaces are soft and can deviate
from the flat shape in order to match the formation of differ-
ent microstructures of the film under the total free-energy
minimization of the system. Therefore, such a grafting inter-
face may help to retain the bulk phase behavior of asymmet-
ric copolymer films, and the possible frustrated states due to
the confinement between two solid walls can be effectively
eliminated by the elastic “soft” grafting interfaces. With in-
creasing the concentration of solvent molecules, the interac-
tion between A and B segments is weakened due to the ag-
gregation of more solvent molecules onto the A/B interfaces
[41]. Thus the domains closing to brush interfaces tend to
form lamellae due to the wetting effects of brushes, though
cylindrical structures are still retained at the middle region.
In this case, the brush interface retains flat, as shown in Fig.
2(b), and block A segregates to brush surfaces due to wetting
effects. A further increase of solvent will greatly decrease the
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A/B interfacial tension. When the confined film thickness
conforms to the four-layer thickness of lamellar structure, the
system forms a four-layered lamellar phase parallel to the
surfaces [see Fig. 1(c)]. The formation of a four-layered
lamellar phase favors the conformational entropy of brushes,
but the A-B interfacial energy of copolymers is disfavored.
When the solvent concentration is sufficiently high, the brush
wetting and confinement effects are greatly weakened due to
more solvent molecules aggregated at brush interfaces, and
the system can be taken as a free asymmetric copolymer
film. Interestingly, contrary to a diluted asymmetric copoly-
mer solution confined between the wetting hard walls where
the bulk phase structure shows a disordered one for .,
=<0.66, our system still phase-separates into a hexagonally
arranged cylinder structure. This is due to the fact that when
the system is confined between polymer brushes, small-
molecule solvents can penetrate into brushes, while long and
flexible copolymer chains are expelled from brushes (see the
concentration profiles of solvent and copolymer components
on the right-hand side of Fig. 1). Therefore the copolymer
solution film is effectively purified due to the entropy effects
of brushes, leading to the possible formation of four-layered
cylinder structure [Fig. 1(d)]. However, the formed structure
is a weak phase-separated one due to lower A/B interfacial
tensions. Figure 2(c) shows the deformed shape of the brush
surface in this condition, which tends to become flat with the
occurrence of more solvent molecules. Further, Fig. 1(e) also
shows such a morphological property when the copolymer
solution concentration is 0.55, and even the phase separation
may be stopped; instead, a disordered phase is formed.

To clarify the interfacial energetic effects of polymer
brushes on the formation of lamellar structures, we calculate
the interfacial energy F;,, of polymer-grafted surfaces, which
come from the unfavorable contacts between grafted chains
and B component of copolymers. The interfacial energy F;,,
is given by

F.
ﬁ = % drxspN @y, ¢p- (14)
Figure 3 shows the interfacial energy of brush-formed sur-
faces as a function of the copolymer concentration. With
decreasing the concentration of solution, the brush-formed
surface energy goes down. However, an abrupt reduction of
F,,/kgT at the transition point 7} occurs with the formation
of lamellar structures close to the brush interfaces, indicating
a preference for a horizontal interface imposed by the brush.
As i, is reduced to 0.72, the brush-formed interfacial en-
ergy is increased, due to the formation of cylinder structures.
Furthermore, by calculating the A-block entropy S,/kp
and B-block entropy Sp/kp per copolymer chain,

% = ‘l/ j [p(r)In g5(r,f,) + W4(r) @a(r)]dr, (15)

B

Sp 1 5

Loy [p(r)In g5(r,f4) + Wp(r)@p(r)ldr,  (16)
B

with
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FIG. 3. The interfacial energy of brush-formed surfaces as a
function of copolymer concentration ¢,,,. 7| indicates the formation
of lamellar structures close to the brush interfaces, and 7, denotes
the reentrant transition to hexagonal phases with the decrease of the
copolymer concentration .

plr) = £ 05 (r.)g1r), (1)

we obtain respective A-block entropy S,/kg and B-block en-
tropy Sp/kp per copolymer chain as a function of copolymer
concentration, as shown in Fig. 4. Generally, S,/kp increases
with the dilution of copolymer solution due to more available
configurational space, but for the minority component B of
copolymer, Sz/kg changes slightly. For the middle concen-
trations of copolymer solution, however, the relative large
changes due to the entropic win and loss, which show the
A-B-block chain stretching and compressing behaviors, oc-
cur with the formation of lamellar structures. When the
lamellar structure begins to form, the B-block chain stretches
and its entropy will become small, whereas the A-block en-
tropy will become relatively large.

We now calculate the entropy of a grafted polymer,
S,/ kg, which is given by [42]

S/ kB 091 ‘—_‘_‘_7\‘”“&‘-‘)

-0.3; ;
0.6/ 2\ T,
-0.9; r\‘\/

—=—S8 /k,
-1.2{ ——Sy/k,

™

06 07 08 0.9

\IICO

FIG. 4. A-block entropy S,/kg and B-block entropy Sp/kp per
copolymer chain as a function of the copolymer concentration ..
T, indicates the formation of lamellar structures close to the brush
interfaces, and 7, denotes the reentrant transition to hexagonal
phases with the decrease of the copolymer concentration ..
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Figure 5(a) shows the entropy of a grafted chain, S,,/kg,
as a function of copolymer concentration. We find on de-
creasing the copolymer concentration, S,./kp decreases
rapidly, meaning that the entropy penalty of brushes becomes
more severe with increasing the solvent density. This
is due to the penetration of solvent molecules into the region
of brushes where the movement of grafted chains is greatly
restricted and the configuration of polymer brushes is largely
decreased. Figure 5(b) shows one-dimensional density
profiles of polymer brushes beginning from one of the
substrates for different copolymer concentrations #,.,=0.88,
.,=0.81, ¢.,=0.78, ¢.,=0.65, and .,=0.55 1Tt is
well known that the height of a dry brush satisfies
h=0N/p, in the incompressible system of brush and
homopolymer molecules [43]. However, due to the existence
of small-molecule solvent distributed in the whole film,
the formula of the brush height should be revised as
h' =0—N/p0¢br: O-N/pO[l _(1 - Q_Dbr)(l - lpco)l As the COpOly'
mer concentration is decreased, the brush height 4’ increases
as a result of more solvent molecules entering the brush re-
gion, which is shown in the inset of Fig. 5(b). The effective
thickness of film can be defined by subtracting the brush
height from the distance L, between two substrates—i.e.,
d, f=LZ—2h’. Thus, we can conclude that the effective thick-
ness d,g of the film is changeable and decreases with de-
creasing the concentration of solution. When ¢, is between
0.72 and 0.8, the four-layered lamellar structure appears and
the lamellar thickness is around 13.5. Such a lamellar struc-
ture can be realized by adjusting the film thickness via vary-
ing the solution concentration, which cannot be achieved in
the case of hard-wall confinement.

To analyze the stability of the formed ordering phases,
we undertake the free-energy calculations by taking hexago-
nal, lamellar, and hexagonal-lamellar mixed states as the
initial configurations, respectively. The method is similar
to that performed in some similar systems [2,4,10]. We find
that for ¢,.,<<0.72, the final ordering structure is always
hexagonal no matter what the initial configuration is. For
.,>0.72, on the other hand, Fig. 6 shows the difference
AF=N(F,—F,)/ pokgTV between the free energy in the
lamellar (F;) and the hexagonal (F),) phases. We find
F;<Fj, in the range i,.,=0.72—0.8, implying that the stable
phases are lamellae. For ¢,,>0.82 where F),<F, the final

ing structures, we find that the free energy of the mixed
hexagonal-lamellar structure is the smallest, although the dif-
ference is slight, and thus the stable morphology will be the
hexagonal-lamellar mixed structure. Furthermore, based on
the above analysis which exhibited the symmetries of the
cylinder, lamellar, and hexagonal-lamellar mixed structures,
we can minimize the free energy of the system by adjusting
the lateral dimension to search the phase boundaries between
the different ordering phases. A complete phase diagram as a
function of the incompatibility parameter y,zN and the
copolymer concentration ¢, is shown in Fig. 7. The occur-
rence of regions of stability for the distinct ordering phases
signifies the competition of the wetting effect of brush-
formed surfaces and the bulk phase behavior of asymmetric
copolymer driven by the A-B interfacial tension. For
xaplN <19, there is the only hexagonal ordering structure be-
cause the wetting effect due to the small y,zN cannot drive
the formation of the lamellar structures. When the incompat-
ibility parameter x,gN is relatively large, even a double re-
entrant transition occurs with the decrease of the copolymer
concentration i,,, indicating that the significant competition
still exists even for diluted copolymer solutions. Further in-
crease of the incompatibility parameter y,zN enlarges the
region of mixed hexagonal-lamellar phases. This is due to
the competition between the strong wetting effect driving the
formation of lamellar structure close to brush surfaces and

0.04
AF —
0.02
|
0.001
| §
-0.024
e
075 080 085 090
CO

FIG. 6. The free-energy difference AF=N(F,—F})/ pokgTV for
the lamellar phase (F)) and the hexagonal phase (F},) upon varying
the copolymer concentration ..
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FIG. 7. Phase diagram of the confined asymmetric copolymer
solution film as functions of y,zN and ¥,,. Here, x,sN=xpsN=0,
f4=0.67, and 0=0.2. The ordered phases are labeled as HEX (hex-
agonal), LAM (lamellar), and MIX (hexagonal-lamellar mixed
phase).

strong phase separation of asymmetric copolymers favoring
the bulk hexagonal phase at the middle region.

Finally, to examine the effects of the solvent distribution
on the morphological transition between hexagonal and
lamellar phases of copolymer solutions, we increase the in-
teraction between solvent and segments, while the solvent
molecules are still neutral to A/B copolymer components.
Figure 8 shows the solvent profiles along the z direction for
the cases xusN=xpsN=0 and x,sN=xpsN=10.0 when
xagN=20 and #,.,=0.83. For the repulsive interaction be-
tween segments and solvent, more solvent molecules are ex-
pelled from polymer components and aggregate onto the in-
terface of A/B domains, which screens unfavorable A-B
block contacts. Such a behavior of solvent leads to the de-
crease of interface energy between A and B monomers,
which thus strengthens the trend of the phase transition from
hexagonal to lamellar due to the wetting effect of brush-
formed surfaces. We can clearly see from Fig. 8 that with the
increase of the interaction between solvent and segments, a
phase transition from hexagonal to lamellar structures ap-
pears.

In summary, we have investigated the effects of the sol-
vent on the equilibrium morphologies of asymmetric copoly-
mer solution films confined between two polymer-coated sur-
faces. With the decrease of the concentration of copolymer
solution films, a reentrant structure transformation between
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FIG. 8. One-dimensional density profiles of solvent with
two different interactions between solvents and A/B segments.
The inset patterns show hexagonal and lamellar structures of
copolymer solutions, respectively corresponding to the interactions
XasN=xpsN=0 and x,sN=xpsN=10.

hexagonal-lamellar-hexagonal phases is observed, due to the
competition between the wetting effect of brush-formed sur-
face and the bulk phase behavior of asymmetric copolymer
driven by the A-B interfacial tension. We conclude that for
higher and lower copolymer solution concentrations, the for-
mation of hexagonal structures is attributed to the bulk phase
behavior of asymmetric copolymer driven by the A/B inter-
facial tension, while the lamellar phase for the middle co-
polymer concentration appears as a result of the wetting ef-
fects of the brush-formed interface under a conformable film
thickness. A phase diagram displaying the hexagonal, lamel-
lar, and mixed hexagonal-lamellar phases is revealed, and the
result may provide a simple and helpful guide for fabricating
functionally useful microstructures of phase-separated co-
polymer solutions by introducing polymer-grafted “soft”
walls. Finally, we should point out that in the present SCFT,
the composition fluctuation [44,45] is neglected. Recently,
Laradji et al. [46] developed a theory for anisotropic fluctua-
tions in ordered phases of diblock copolymer melts by means
of a self-consistent expansion around the exact mean-field
solution. It will be a further challenging problem to extend
their approach to account for composition fluctuations of
confined copolymer films in the presence of diluting sol-
vents. This work is in progress.
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