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1 Introduction

Block copolymers are macromolecules composed of chemically
distinct subchains, or blocks, tethered together by covalent
bonds. The unique architecture of block copolymers leads to
the formation of ordered phases composed of nanoscopic
domains arranged on various lattices. The phase behaviour
and ordered morphologies of block copolymers have been
attracting tremendous attention since the 1970s.” Furthermore,
the self-assembly of block copolymers under various confine-
ments such as thin films and nanochannels could lead to ordered
morphologies that are not obtainable in bulk systems.*™® Most
of the previous studies were carried out on block copolymers
composed of flexible or coil blocks, in which the polymeric
domains are fluid-like or disordered. On the other hand,
many polymers, especially conducting polymers and certain
biopolymers,” are semiflexible or even rod-like in nature. It is
well known that semiflexible and rod-like polymers tend to
form liquid crystalline phases due to the geometric shape and
orientational interaction intrinsic to these macromolecules.
Therefore it is natural to expect that the liquid crystalline
ordering of the rod blocks could have significant effects on
the phase behaviors of rod-coil diblock copolymers in various
states such as melts, solutions or under confinement.” "' In
particular, previous experimental and theoretical studies have
revealed that the self-assembly of rod—-coil diblock copolymer
melts could lead to very rich phase behaviours, exhibiting
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ordered phases combining the features of block copolymer
microphases and liquid crystals.”"* The observed morphologies
include, to name a few, nematic, smectic, lamellar, cylindrical,
gyroid, body-centred cubic, and zigzag structures.”'>'* From a
practical point of view, the self-assembled structures of rod-coil
diblock copolymers containing conjugate blocks provide nano-
structured materials for potential technological applications
such as photovoltaics.***>

Compared with block copolymer melts, block copolymer
solutions exhibit even rich phase behaviours because of the
additional degree of freedom, viz. polymer concentrations and
polymer-solvent interactions. For dilution solutions, it has been
well established that amphiphilic molecules such as lipids,
surfactants and diblock copolymers in hydrophilic solvents
could self-assemble to form a variety of structured aggregates,
including spherical micelles, cylindrical micelles and bilayers."®
One particularly interesting type of aggregates is the self-
assembled bilayer, which could be used as mimetics for biological
membranes."”'® In bilayer membranes the hydrophilic blocks are
located on the outer surface while the hydrophobic blocks are
hidden in the interior. At the molecular scale, it is expected that
flexible blocks would exhibit disordered lateral arrangement in a
bilayer, resulting in a fluidic or disordered bilayer membrane. On
the other hand, for block copolymers with semiflexible or rigid rod
blocks, the arrangement of the macromolecules inside the bilayers
could exhibit orientational order due to the geometric shape and
orientational interaction of the hydrophobic blocks, resulting in
liquid crystalline bilayer membranes.'® The orientational order
of the rod-like blocks within a bilayer could be perpendicular
or inclined to the bilayer, forming ordered membranes with
structures analogous to the smectic-A or smectic-C phases,
respectively. Furthermore, the spatial arrangement of the rod
blocks in the smectic morphologies could assume end-to-end or
interdigitated configurations. A combination of the orientational
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and spatial arrangements of the rods within a bilayer could lead
to the formation of at least four types of liquid crystalline phases,
similar to the smectic phases in bulk systems.?°>*

Theoretically, the understanding of the structure and thermo-
dynamic behaviour of self-assembled bilayers could be obtained
from generic coarse grained models of amphiphilic molecules.
One commonly used model for the study of self-assembled
bilayers is composed of AB diblock copolymers dissolved in A
homopolymers.>*>> The phase behaviour of rod-coil diblock
copolymers in the melt state has been studied by a large number
of researchers using different theoretical approaches including the
asymptotic method,***° Landau theory,”” computer simulations,”**’
mean-field theory of lattice models®**! and the self-consistent field
theory.?>*>” These previous theoretical studies have revealed very
rich liquid crystalline behaviours of rod-coil diblock copolymer
melts. Furthermore, it has been shown that the addition of coil or
rod homopolymers to a self-assembling rod—coil diblock copolymer
is an effective method to induce liquid crystal phase transition and
control the domain spacing of the ordered structure.**™*° However,
despite extensive experimental and theoretical studies of rod-coil
diblock copolymer melts and solutions, the morphology and
phase behaviour of self-assembled bilayers from rod-coil diblock
copolymers remain largely unexplored.

In this paper, we report on a systematic study of the structure
and phase behaviour of bilayer membranes self-assembled from
rod-coil diblock copolymers using the self-consistent field
theory (SCFT). It has been demonstrated that the SCFT provides
a flexible and accurate framework for the study of inhomogeneous
polymeric systems"" including different micelle structures.”” In the
current study, we obtain accurate numerical solutions of the SCFT
equations corresponding to various liquid crystalline bilayers,
including three types of A-phase, two types of C-phase, OB-phase
and P-phase, where the A-phases and C-phases are bilayer
analogues of the smectic crystalline phases in bulk systems.*****°
The structure and energetics of the different phases are analyzed. In
particular, the effects of the conformational asymmetry between
rods and coils on the structure of A-phases and C-phases are
systemically studied. Phase diagrams of the bilayers are constructed
by comparing the free energy of the different phases. The results
reveal that various bilayer phases with different liquid crystalline
order could be obtained, providing a rich library of ordered
structures for potential applications of polymeric systems involving
rod-coil diblock copolymers.

The rest of the paper is organized as follows. A detailed
description of the SCFT model and the candidate bilayer phases
are presented in Section 2. Our main results on the phase
diagrams and phase transitions are given in Section 3. The final
section presents some discussions relating to our results and
the main conclusion from the study.

2 Model and theoretical framework
2.1 Basic model and numerical methods

The model system used in our study is a binary mixture of A
(coil)-B (rod) diblock copolymers and A (coil) homopolymers.
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The phase behaviour of the model system is examined using
the polymeric self-consistent field theory (SCFT) formulated in
the grand canonical ensemble.****** The model system is
controlled by a large number of parameters. In the current
study, the copolymers and the homopolymers are assumed, for
simplicity, to have the same degree of polymerization N.
Furthermore, we consider AB diblock copolymers with equal
A and B volume fractions, f) = fz = 0.5. The interaction between
A and B monomers is described by a Flory-Huggins
parameter*® 7, whereas the orientation interaction between
the rods is assumed to have the Maier-Saupe form*® with an
interaction parameter 5. Furthermore, the conformational
asymmetry between the coil (A) and rod (B) blocks is quantified
by a geometrical asymmetry parameter,”>*” = bN/R,, where
R, = /Na?/6 is the gyration radius of A-chains, and a and b are
the statistical segment lengths of A (coil) and B (rod) blocks,
respectively. Finally the chemical potential of the copolymers
Ue, or the corresponding activity z. = exp(u.), is used as a control
parameter to regulate the average concentration of the diblock
copolymers in the blends.

Within the SCFT framework, the free energy of the binary
mixture is given by*'

NF
FoTpe = Jdr [XN(/)A(r)([)B(r) - y:ZAB @,(r) ¢, (r)
+LM(r) i M(r) = E(r)(Pa(r) + ¢p(r) — 1) W
N A ’
—zeQc — On,

where ¢,(r) and w,(r) are the local concentration and the mean
field of a-type monomers (o = A, B). The tensor field M(r) is the
mean orientational field of the rod (B) blocks. The local
pressure field £(r) is a Lagrange multiplier introduced to
enforce the incompressibility condition of the system. The last
two terms in eqn (1) are contributions from the single-chain
partition functions of the two polymers, Q. and Qj,.

The fundamental quantity to be computed in the SCFT study
is the polymer segment probability distribution functions (or
the propagators), ga(r,s) for A homopolymers, and gi(r,s),
gz (r,u,s) for AB diblock copolymers, where u is a unit orienta-
tional vector. These propagators satisfy the modified diffusion
equations®! in the presence of the mean fields (w,, wg and M),

9 n

&qA(LS) = (Rgzvl‘z - wA(r))qg(r,s),s € (Ov 1)7 (2)

Sk = (ROV — oAk 0)5 € O/, ()

D s ru,) = (EBR - Ve — I )i e, 0.5).5 € (0.,
@

with the initial conditions,

_ _ 1
q/h%(r’ 0) = lqu(rv 0) = 17qB (r7u70) = Ev (5)
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qX (1‘7 0) = Jdqu (l‘7 u)fB)7 qg (l‘7 u, 0) = ﬁq;(rafA) (6)

Here the r, u-dependent field I'(r,u) is defined by
1
I'(r,u) = wg(r) — M(r) : (uu - §l> (7)

In terms of the chain propagators, the single-chain partition
functions are given by

0. - jdrqft(r,fA), (8)

On = Ja’rqg(r, 1). 9)

Furthermore, the density distributions of A and B monomers
are obtained from the propagators as

Pa(r) = P + P4

1 A
= J.Odsqg(r,s)qg (r,1—s)+ ZCJO dsq, (r,s)qX(r,fA —5),
(10)
/B
Pp(r) = 4TcZCJO dstqu (r,u,8)gs (r,u,f5 —s). (11)

Finally the orientational order parameter of B blocks is given by
/B I
S(r) = 4nzCJ dstqu (r,u,s) (uu - 5) gs(ru,fp —s). (12)
0

The rest of the SCFT equations concerning the mean fields to
the density distributions are

wa(r) = xN¢s(r) — &(r), (13)
wp(r) = yNPA(r) — (), (14)
M(r) = 7NS(r), (15)
Pa(r) + dp(r) = 1. (16)

For a given set of control parameters, the above SCFT equations
are solved to obtain solutions corresponding to different candidate
phases. The free energy of the different phases is then compared to
construct the phase diagram. Numerically, the SCFT equations
are solved by iteration methods, whose convergence could be
accelerated by the Anderson mixing.*® The most time-consuming
step of solving the SCFT equations is the computation of the
propagators by solving the modified diffusion equations (MDE).
When the rod-blocks are assumed to be semi-flexible, various
efforts*>*° have been devoted to develop numerical algorithms
for the MDE of the wormlike chain model. In particular, the fast
Fourier transform (FFT) can be used to treat the periodic boundary
condition. In the current study, the compact finite difference
scheme®® is used to enforce the reflecting boundary conditions.
Specifically, the partial derivative operators about r are treated using
a fourth-order compact finite difference scheme, and the s
dependence is treated using a third-order implicit Runge-Kutta
method.”® The scheme is especially suitable for the current
problem, where a well-designed nonuniform grid is used to

This journal is © The Royal Society of Chemistry 2017
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capture the sharp interface especially for large values of yN and
nN. In the current study, computation domain is constrained in
one dimension and the domain size D is determined by the
condition that the concentration profile near the boundaries of
the computational box is the same as the bulk concentration
within a prescribed error. The number of u grid points is 32 x 36, r
grid points are changed over 200-400 and s grid points are
changed over 300-800 under different model parameters to ensure
that the free energy is converged in the order of 10~ and the fields
are self-consistent with L*norm error less than 10~°.

2.2 Candidate phases

Because the SCFT equations are a set of non-linear and non-local
equations, the SCFT equations have more than one solution.
Each solution of the SCFT acts as a candidate phase. On the other
hand, finding the different solutions of SCFT depends crucially
on the initial configurations used in the SCFT calculations.>*>>* A
popular choice is random configurations. On the other hand, it
has been demonstrated by a number of researchers®*** that
random configurations alone would lead to a limited number
of candidate phases. A large number of metastable phases would
be missed if one only uses a restricted set of initial configurations.
In our study of the phases and phase transitions of block
copolymer systems, we have used various initial configurations,
including random and designed initial configurations, to obtain
the candidate structures. The structure and orientational order of
these candidate phases are described in this subsection.

As the simplest case, the solution of the spatially homo-
geneous phase of the system can be obtained analytically.
Assuming that the orientational field is uniaxial, ie. M(r) =
diag(M, M, —2M), the free energy of a spatially homogeneous
phase is given by

NF o _ 3M?

- N, 2 2 In(1 — _ 17
ksTpyV  nN +ANfE Pou” +In(1 = Ppai) =1, (17)

where M and the bulk copolymer concentration ¢y, are
determined by a set of nonlinear equations,

e = Inpun —In(1 — ) + 7 NB(1 — 2f3Ppun)

—In (J;exp((l - 3x2)MfB)dX)’ (18)

_ NfBPbuik J(l)(l —3x%) exp((1 - 3x2)MfB)dx.

M I
6 Joexp((1 — 3x%) Mf)dx

The second equation in eqn (18) depends only on Mfg if the
combination #Nfg’¢pu iS taken as a control parameter.
Further analysis of the right hand side of this equation reveals
that a solution with non-zero M # 0, corresponding to the
nematic phase, exists only if #Nfz*> > 6.72. On the other hand,
solutions with M = 0, correspond to the isotropic or disordered
phase, always exist. Specifically, the SCFT equations may have
up to three isotropic solutions, where the solution with small
¢buik is the hA-rich phase, and the solution with large ¢py is
the AB-rich phase. For the given set of parameters used in our
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study, the hA-rich phase has lower free energy than the AB-rich
phase when yN > 4Inz..

For the inhomogeneous phases, the structure is described
by the density profiles @(r), ¢g(r) and the orientational order
parameter S(r). In particular, the eigenvalues and eigenvectors
of the orientational order parameter, S, can be used to classify
the liquid crystalline order of the self-assembled bilayers. By
denoting the eigenvalues and relevant eigenvectors of S by 4,
2y A3, My, Ny M3 (With |A1] = |4,] = |/3]), and the angle between
n, and the normal vector (z) of interface by 6, a classification of
the bilayer phases could be carried out according to these
parameters as summarized in Table 1. In the current study,
solutions of the SCFT equations, corresponding to the A, C, P
(perpendicular, biaxial) and OB (oblate, uniaxial) phases, are
obtained. These phases are bilayer analogues of the bulk
smectic phases of rod-coil diblock copolymer melts obtained
from SCFT calculations.>>>>

The morphologies of the different liquid crystalline bilayers
are obtained from the order parameter distributions. In the
A-phase, corresponding to the smectic-A phase in the bulk, the
rods are aligned parallel to the normal direction of the bilayer.
In the C-phase, corresponding to the smectic-C phase in the
bulk, the direction of the rods, n,, is tilted by an angle 0 away
from the normal direction of the bilayer. In the P-phase the
local distribution of the director n, is biaxial with two peaks
away from the bilayer normal z and an average orientation n,;
perpendicular to z. In the OB-phase, the average orientation n;
is parallel to z, but the maximal absolute eigenvalue 4, is negative
resulting in an oblate distribution, i.e. the local distribution of n;
is very close to perpendicular to the bilayer interface. The number
of possible ordered phases of a bilayer is further increased by the
fact that there are different types of A and C phases depending on
the alignment of the rods and the tilt angle 6 of the C-phase,
which might be multi-valued. The basic structure of the different
ordered phases is sketched in Fig. 1. It is noted that the spatial
distributions of the individual rod segments ¢4(r) could be
computed from the propagators,*’

by, (r) = 4nzCJdqu (r,u,50) g5 (r,u, 1 — s0). (19)

The value of s, is set as f, fo + fz/2 and 1 separately in this paper
to define ¢join, Pmia and ¢eng, representing the concentrations of
the joint, middle and end segments of rod blocks.

The free energy of the different phases is obtained by
inserting the SCFT solutions into the free energy functional
of the system (eqn (1)). The relative stability of an ordered
bilayer phase is determined by its excess free energy, i.e. the
free energy difference between the ordered phase and the

Table 1 Classification of liquid crystalline bilayer structures

0=0° 0° < 0 < 90° 0 =90°
Uniaxial 4, = 43 1 >0 A C —
)1 <0 OB — —
Biaxial /, # A3 1 >0 — — P
A <0 — — —
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Fig. 1 Schematics of the phases of a bilayer. In the A and Cg phases the
rods assume an end-to-end arrangement, whereas the rods assume an
interdigitated arrangement in the Ac and C. phases. When the tilt angle is
multi-valued, C. could be further differentiated as the C, (0 < 45°) and Cp
(60 > 45°) phases. In the OB and P phases the rods are nearly perpendicular
to the bilayer normal z, where the local distribution of the director ny is
oblate in the OB phase and biaxial in the P phase, as shown in the
accompanying plots.

isotropic phase, # — . For a planar bilayer geometry,
the excess free energy (# — Zpun) is proportional to the area
(A) of the membrane; therefore we can define the excess free
energy density as**

N&ZF -7

Fop = Y7 = Four) (20)
kB TpOA

Similarly, the thickness of a bilayer can be defined as the
copolymer excess per unit area,>*

2= [dr(@ ) - ) e

where ¢°(r) = ¢(r) + ¢p(r) is the local concentration of the
copolymers. In what follows these quantities are used to
examine the relative stability of the different phases.

3 Liquid crystalline phases and phase
diagrams of bilayers
3.1 Property of the A-phases and C-phases

In this subsection the property of a self-assembled bilayer is
analyzed by examining its excess free energy, thickness and
segment distributions obtained from the SCFT calculations.
For rod-coil diblock copolymer melts, it has been shown that,
besides the copolymer composition f, the conformational asym-
metry between the rods and coils, quantified by the parameter f,
greatly affects their phase behaviour."” It is therefore expected
that the parameter § will have a strong influence on the phase
behaviour of self-assembled bilayers from rod-coil diblock
copolymers. In what follows, the effects of f on the property
and phase behaviour of the bilayers are investigated.

3.1.1 The A-phases. As shown in Fig. 1, the A-phase of the
bilayer is a liquid crystalline structure in which the rod blocks
are oriented perpendicular to the bilayer. According to the
spatial arrangements of the rods within a bilayer, the A-phase
can be divided into a number of sub-phases, such as the A, and
A, types illustrated in Fig. 1. In the A, phase the rods assume a
completely interdigitated arrangement, whereas the rods assume
an end-to-end arrangement in the A; phase.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Plots of the free energy density Fex and bilayer thickness Q of
A-phases as a function of f with fixed yN = 15, yN = 30, z. = 10. Two
straight lines specified by Q/fiRy = 1 and 2 are shown as references.

The effect of the asymmetry parameter f on the spatial
arrangements of the rods could be elucidated by the behaviour
of the excess free energy and the thickness of the bilayer as a
function of 8. As an example, the excess free energy density (Fex)
and the bilayer thickness (Q) of the A-phases are shown as a
function of f in Fig. 2 with a set of parameters yN = 15, yN = 30,
Z. = 10. The first feature to notice from Fig. 2 is that the free
energy and bilayer thickness as a function of f§ are multi-valued
in certain regions of fi. The stable phase is the one with the
lowest free energy, and thus the triangle loop at f ~ 3
corresponds to metastable or unstable state. In particular, the
structure with partially interdigitated arrangement of rods,
denoted as A, represents an unstable phase. As the value of
f is increased across this transition point, the bilayer changes
from the A; phase to the A, phase with an abrupt decrease of
the bilayer thickness.

For bilayers with perfect interdigitated and end-to-end
arrangements, the bilayer thickness should follow two straight
lines given by Q/fR; = 1 and Q/BR, = 2. The calculated bilayer
thickness curves for the Ay and A. phases shown in Fig. 2
deviate from these two straight lines, indicating that a small
degree of interdigitation of the rod blocks is present in the
structures. For the case of very short rod blocks corresponding
to small f3, their centre of mass could have a broad distribution,
resulting in a structure, termed as the A, phase, analogous to
the nematic phase in bulk liquid crystals.

The structure of the self-assembled bilayers is revealed by
the spatial distribution of the rod segments. Typical segment
distributions are shown in Fig. 3 for f = 3.5, 3, 2.5 and 0.5,
corresponding to the different A-phases presented above.
Specifically, the distributions of the joint, middle and end
segments of the rod blocks are shown in Fig. 3. The interdigitate
state of the different A-phases can be clearly seen from the
distribution of the middle-segment of the rods, ¢ ;4. For the A.
phase, ¢miq is sharply peaked at the middle of the bilayer as
shown in Fig. 3(a), indicating an almost completely interdigitated
arrangement of the rods. For the A; phase, ¢miq exhibits two
peaks near the peaks of the joint-segment distribution as shown
in Fig. 3(c), indicating an end-to-end arrangement of the rods.
For the intermediate A s phase, ¢miq shows three peaks as shown
in Fig. 3(b), indicating a partially interdigitated arrangement.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The spatial distribution of the individual rod segments (join, mid
and end) and the corresponding schematic of A-phases. (a) Ac phase with
B =3.5. (b) Acs phase with f = 3. (c) As phase with = 2.5. (d) A, phase with
B =0.5.

These structural features are corroborated by the corresponding
end-segment distribution functions (¢enq). For the A, phase, the
distribution of the middle- and end-segments exhibits one peak
at the middle of the bilayer as shown in Fig. 3(d), indicating a
random spatial distribution of centre of mass of the rod blocks.

The phase transformation sequence and transition boundaries
are determined by the minimum of the free energy of the different
phases. From the free energy curves shown in Fig. 2, a phase
transition sequence from A, to As to A. for increasing f is
predicted. For very small values of f3, the rods are so short that
their centre of mass could assume a random spatial distribution,
resulting in the formation of the A,, phase. For very large values of
f, the rods are long favouring a completely interdigitated spatial
arrangement, leading to the formation of the A. phase. For
intermediate values of f3, the spatial distribution of the rods could
assume an end-to-end arrangement forming the A phase. It is
interesting to note that, at an intermediate value of f ~ 3, A
and A, coexist, and the partially interdigitated structure (A.) is a
metastable or unstable phase in this case.

3.1.2 The C-phases. Similar to the bulk smectic-C phase,
the orientation of the rods in the C-phase of a bilayer self-
assembled from rod-coil diblock copolymers is tilted away
from the normal direction of the bilayer with a tilt angle 0. In
this case the interdigitation and orientation of the rods are
coupled, resulting in a more complex behaviour than that of the
A-phases. From the perspective of the spatial arrangement of
the rods, the C-phase could be divided into Cs and C. structures,
similar to the corresponding A and A. phases. The tilted rods
assume an end-to-end spatial arrangement in the Cg phases,
whereas the rods form an almost completely interdigitated
spatial arrangement in the C. phase. Similar to the case of the
A-phases, it is expected that the parameter f controls the
formation of the different C-phases as well. The influence of f

Soft Matter, 2017, 13, 4607-4615 | 4611
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Fig. 4 Plots of the free energy density Fe, and the average tilt angle 0 of
C-phases as a function of f with fixed yN = 15, yN = 30, z. = 10.

on the C-phases is revealed in Fig. 4, in which the excess free
energy density (Fex) and the average tilt angle (0) of various C-
phases are given as a function of . The first thing to notice in
Fig. 4 is that, as a result of the coupling between the spatial
arrangement and orientation of the rods, the free energy curves
are more complex than the case of the A-phases. There exist
more free energy loops and the average tilt angle 0 could be
multi-valued. In what follows, for the C. phase, the case of
6 > 45° is termed the Cp phase (near perpendicular) and the
case of 0 < 45° is termed the C, phase (near the A-phase). It is
interesting to note that the example shown in Fig. 4 exhibits
three possible values of the tilt angle, labeled by Cp, C," and Cy,,
when f is near 7.2. The C,’ phase is always metastable or
unstable, the C, phase is stable within a very narrow window
while the Cp phase is stable within a larger window.

The equilibrium phase of the bilayer is again determined by
the minimum of the free energy. For the case shown in Fig. 4,

View Article Online
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the predicted phase transition sequence is from A, to A to Cg to
A.and to C. as f3 is increased. The corresponding tilt angle 6 changes
from zero for the A-phases to non-zero values for the C-phases.

3.2 Phase diagrams

The phase behaviour of the self-assembled liquid crystalline
bilayers is summarized in a set of phase diagrams. The phase
diagrams are constructed by a comparison of the excess free
energy density of the different candidate phases described
above. A typical set of the phase diagrams, plotted in the yN-z.
or 7N-z. plane, is shown in Fig. 5. The parameter f is chosen to
be = 9.8 and f = 4 in accordance with previous studies of the
bulk phase behaviour of rod-coil diblock copolymer systems.**>

3.2.1 The case of p = 9.8. The phase diagrams for the case
of a relatively large value of = 9.8 are given in Fig. 5(a)-(c). In
this case f# = 9.8 is large enough such that the interdigitated
arrangement of the rods is the preferred structure. At small
values of the activity, z., corresponding to low concentration of
diblock copolymers, the system is in a disordered or isotropic
state in which the rod blocks do not possess liquid crystalline
order. Ordered bilayers emerge when z. is increased beyond a 7,
y-dependent critical value. For large values of the ratio y/y, e.g.
nN > 22 with fixed yN = 15 as shown in Fig. 5(a), the first
ordered bilayer is the Cp-phase when z. is increased. The critical
value of z. exponentially decreases as N is increased.

Fig. 5(b) gives the phase diagram with a large ratio 5/y = 4. In
this case the bilayer structure has an almost horizontal phase
transition boundary, yN = 6.5, for z. > 4. That is, the system
would change from a disordered state at yN < 6.5 to a liquid
crystalline bilayer at yN > 6.5. It is interesting to note that this
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Fig. 5 Phase diagrams of liquid crystalline bilayers. = 9.8 for (a—c), (a) yN = 15, (b) n/y = 4. (c) n/y = 1. p = 4 for (d—f), (d) yN =15, (e) n/y = 4, () n/y = 1.
To make the region of A-phases more precise, we regard the A.-phase as the thickness Q/Rq < 1.25f, As-phase as 1.5 < Q/Ry < 2.1f, and the As-phase
as 1.25f < Q/Ry < 1.5f. The dashed lines are yN = 4Inz. which is the critical condition of the hA-rich bulk phase having lower free energy than the

AB-rich bulk phase.
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critical value of yN agrees with the value of the order-disorder
transition (ODT) point, yNopr, of the rod-coil diblock melts.****

For small values of the ratio #/y and as z. is increased, the
first ordered bilayer could be the P-phase or the OB-phase. The
stability region of these two phases is relatively narrow even at a
very small ratio of 5/y = 1, as shown in Fig. 5(c). It is worth
mentioning that these two structures are analogous to the
smectic-OB and smectic-P phases in rod-coil diblock copolymer
melts, where they become metastable or unstable when two-
dimensional structures are considered and a large value of
nly = 4 is used.”

The C-A and C-P transitions. When the activity z. or the
diblock copolymer concentration is increased, the tilt angle of
the rods in the C. phase decreases, reaching zero at which the
bilayer undergoes a C-A transition from the C. phase to the A,
phase. When nN < 30, the tilt angle 0 is single-valued and it
decreases rapidly when z. is increased for values of #N close to
30. A similar rapid decrease had been observed for the rod-coil
melt system by Reenders and Brinke using Landau theory.””
The C-A transition could also be induced by increasing the
value of yN, similar to the case of rod-coil melts.>?

When multiple metastable C-phases are present, the average
tilt angle 0 could be multi-valued in certain regions of the phase
diagram, e.g. nN > 30 at yN = 15, resulting in a first-order
transition from the Cp phase to the C, phase. Details of this
phase transition are revealed for the case of yN = 15 and #N = 40
in Fig. 6(a), where the excess free energy density F., and the
average tilt angle 0 are plotted as a function of z.. The region
with multi-valued 0 occurs when z. is between 5.5 and 7.5, and
the stable 0 jumps from 59° to 31° at the transition point given
by z. = 6.2.

The tilt angle of the bilayer P-phase is 90°. It is tempting to
argue that this phase represents a limiting case of the Cp phase
with the largest tilt angle. However, it is observed that the
maximal tilt angle of the Cp phase does not reach to 90°.
Therefore, the C and P phases are two different liquid crystalline
phases which are connected via a first-order phase transition. In
addition, the symmetry of these two phases is different. The
C-phases are uniaxial but the P-phase is biaxial.

The OB-A phase transition. For the OB-phase, the eigenvalue
with the maximal amplitude, 4;, of the orientational order
parameter S is negative (14(S) < 0). The average value of 14(S)
increases when the activity z. is increased, and it becomes
positive at the point when the OB-phase undergoes an OB-A
transition to the A-phase. The OB-A transition is a first-order
transition as shown in Fig. 6(b) for the case of yN > 16 and
N = 15. The triangle loop in the free energy curve and the
multi-valued feature of the eigenvalue 1,(S) demonstrate clearly
the first-order nature of the OB-A transition. The transition
point in this case is identified at z. = 24.5, at which the value of
24(S) jumps from —0.05 in the OB-phase to 0.22 in the A-phase.

3.2.2 The case of f = 4. The phase diagrams for the case
with a smaller § = 4 are shown in Fig. 5(d)-(f). In this case the
end-to-end arrangement of the rods is the preferred structure.

This journal is © The Royal Society of Chemistry 2017
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The first ordered bilayer phase as z. is increased could be the A,
or Cs phase. Although the phase diagrams for the small f = 4
are quite different from that for the larger § = 9.8, the disorder-
to-order transition point is almost the same. In addition, the
OB-phase and P-phase are found to be metastable or unstable
for this small value of f.

One interesting feature of the phase diagrams shown in
Fig. 5(d)-(f) is that the C; phase is surrounded by the A-phases,
resulting in re-entrance A-C-A transitions. It is interesting to
note that, for the rod-coil diblock copolymer melts with similar
values of f, this type of re-entrance transition has been considered
by Halperin.”® Further theoretical studies by Matsen and Barrett*?
and by Song et al* have also confirmed the re-entrance phase
transition behaviour in the bulk systems. Qualitative analysis
based on the thickness of the bilayer indicates that the A, phase
is preferred at relatively low values of z., whereas at large z. the
A, phase is favoured. However, there is no phase transition
between these two structures at small values of #N because the
free energy and bilayer thickness of the A-phases are continuous
functions in this case. In the phase diagrams the regions
designated as the A, phase Fig. 5(d-f) are determined by the
condition 1.258 < Q/R, < 1.5f. It should be noted that these
two boundaries are guide to the eyes and they are not phase
transition boundaries.

The A-C-A phase transition. As an example of the A.-Cg-Aq
transition when the activity z. is increased, the excess free
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energy and the thickness of the bilayer are shown in Fig. 7 for
the case of yN = 15 and nN = 35. The free energy curve of the Aq
and C; phases is tangent near z. = 67, at which the thickness
curves of these two phases merge into one curve, indicating a
second-order C4-A transition. On the other hand, it is obvious
that the A.—C, transition is a first-order transition because their
free energy curves crossover with a discontinuity in their slopes.

4 Conclusions and discussion

In summary, the phase behaviour of bilayers self-assembled
from rod-coil diblock copolymers is studied using the self-
consistent field theory (SCFT) formulated in the grand canonical
ensemble. The occurrence and relative stability of various liquid
crystalline phases of the bilayers are examined. The theoretical
results predict that a variety of ordered structures could become
equilibrium phases in the self-assembled bilayers of rod-coil
diblock copolymers. The orientational order of rod-blocks within
the bilayer could be perpendicular, inclined or parallel to the
bilayer, forming ordered membranes of A-phase, C-phase, P-phase
and OB-phase. Furthermore, the spatial arrangement of rod blocks
could be interdigitated, end-to-end or randomly distributed. A
combination of the orientational and spatial arrangements of
rod blocks leads to three types of A-phases (A, A; and A,,) and
two types of C-phases (C. and C;). The transitions between the
various A-phases and C-phases could be regulated by increasing
the geometrical asymmetry parameter  between the rod blocks
and coil blocks, and a phase transition sequence of A,-As—Cs-A~
C. is predicted. When f is large enough, the tilt angle of rod-blocks
in the C.phase could be multivalued (denoted as Cp and Cp,
phases). Equilibrium phase diagrams are constructed from the
SCFT results by comparing the free energies of various ordered
structures. The Cp—Cp-A and A-C-A phase transition paths are
predicted by changing the chemical potential or concentration of
the copolymers. The results from the theoretical study indicate that
the self-assembly of rod—coil diblock copolymer solutions provides a
route to obtain nanoscopic bilayers with liquid crystalline order. The
ability to control the spatial and orientational arrangements of the
rod blocks within a bilayer provides a platform to engineer nano-
structured membranes, which could have potential applications in
advanced technologies such as photovoltaics.
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In this paper we have carried out a detailed theoretical study
of the phase behaviour of bilayers self-assembled from rod-coil
diblock copolymers. Previous studies of self-assembled bilayers
were mostly on the model system composed of coil—coil diblock
copolymers and homopolymers, focusing on the elastic properties
of the self-assembled bilayers.>**>** Because of the nature of the
flexible polymers, the bilayers self-assembled from coil-coil
diblock copolymers do not possess internal structures, resulting
in fluid or disordered bilayers. In the current study, we focus on
the liquid crystalline behaviour of the bilayers self-assembled from
rod-coil diblock copolymers. For simplicity, the current study is
restricted to the case of f, = fg = 0.5. Furthermore, we assumed that
the bulk phase of the block copolymer/homopolymer mixture is
the hA-rich phase, with the bilayers of diblock copolymers self-
assembled within the hA-rich homogeneous phase. It is noted that
the binary mixture of rod—coil diblock copolymers and homo-
polymers could have a number of homogeneous phases. In
particular, a bulk phase with block copolymers as the majority
component becomes the phase with lower free energy when
N > 4lnz.. This critical line is plotted in the phase diagrams
(Fig. 5) for reference. Furthermore, the bulk phase could also
possess liquid crystalline order. For example, a bulk nematic
phase exists for nNfz” > 6.72. Previous phase diagrams of the
rod-coil systems reveal the narrow window of the stable nematic
phase.”>*® For the cases examined in the current study, the
nematic phase is not an equilibrium bulk phase because the
homogeneous phases have lower free energy.

One interesting point worth discussing is that a significant
number of experiments and theoretical studies have demonstrated
that, at low block-copolymer concentrations, the diblock copolymers
could self-assemble to form cylindrical and spherical micelles,
besides the bilayer structure. For example, Zhou and Shi** studied
the critical micelle concentration (CMC) of coil-coil diblock
copolymers using the SCFT framework in which the cylindrical
or spherical micelles have lower CMC than the planar micelles
or bilayers when f, is larger than 0.54. Furthermore, the self-
assembly of diblock copolymers within the bilayer could lead to
the formation of complex morphologies such as perforated
bilayers. It is natural to expect that the rod-coil diblock copolymers
could self-assemble to form non-planar micellar structures and
compartmentalized layers. Exploring the liquid crystalline order of
these complex morphologies and non-planar micelles is a very
interesting topic. Another interesting extension of the current
study is to go beyond one-dimensional calculations. The coupling
between the liquid crystalline order and the bilayer conformation
could lead to interesting deformations of the planar bilayers.
However, a detailed study of these topics is beyond the scope of
the current paper and we will leave this topic to future studies.
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