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The mechanical response and shape of self-assembled bilayer membranes depend crucially on their
elastic properties. Most of the studies focused on the elastic properties of fluid membranes, despite the
ubiquitous presence of membranes with liquid-crystalline order. Here the elastic properties of liquid-
crystalline bilayers self-assembled from diblock copolymers composed of a semiflexible block are
studied theoretically. Specifically, the self-consistent field theory (SCFT) is applied to a model system
composed of semiflexible—flexible diblock copolymers dissolved in flexible homopolymers that act as
solvents. The free energy of self-assembled tensionless bilayer membranes in three different geometries,
i.e. planar, cylindrical and spherical, is obtained by solving the SCFT equations using a hybrid method, in
which the orientation-dependent functions are treated using the spherical harmonics, whereas the
position-dependent operators are treated using the compact difference schemes. The bending modulus
km and Gaussian modulus kg of the bilayer are extracted from the free energies. The effects of the
molecular parameters of the system, such as the chain rigidity and the orientational interaction, are
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1 Introduction

Understanding the self-assembly of amphiphilic molecules
such as lipids to form bilayer membranes is fundamental to
many areas including life itself. Macromolecular analogues
of lipids, such as amphiphilic block copolymers, could act as
mimetics of biological membranes. The study of bilayer mem-
branes self-assembled from amphiphilic block copolymers not
only sheds light on the understanding of the fundamentals of
self-assembly, but also provides macromolecular analogues
of bilayer membranes that have various applications. In parti-
cular, polymeric hybrid membranes show a great promise for
applications in biomedicine and biotechnology because there
are virtually no limits to the selection of monomers and chain
architecture.”

Phenomenologically, a membrane could be regarded as a
two-dimensional surface, whose mechanical properties are
characterized by their bending modulus. The deformation
mechanics of membranes could be used to understand the
formation and stability of membrane morphologies. Assuming
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that the deformation is small, the energy of a deformed bilayer
could be described by Helfrich’s linear elasticity theory.>?
Specifically, the Helfrich model states that the elastic energy
of a closed membrane is given by,

F= J[y + 2Kkm (M — ¢)? + K G)d A, (1)

where M = (¢; + ¢,)/2 and G = ¢y¢, are the local mean and
Gaussian curvatures of a deformed bilayer, respectively (c4, ¢,
are the two principal curvatures). The energetics of a bilayer is
therefore specified by the elastic constants, y, ¢y, Ky and kg,
corresponding to the surface tension, spontaneous curvature,
the bending modulus and the Gaussian modulus, respectively.
For bilayer membranes made of two leaflets with identical
composition, the spontaneous curvature c, is zero. Because
the membranes are formed by the self-assembly of amphiphilic
molecules, it is important to understand how the molecular
parameters determine the elastic constants of the membranes.

During the last decades, a number of experimental techniques,*’
simulation protocols®® and theoretical methods®™" have been
developed to obtain the elastic constants of bilayer membranes.
Theoretically, one method to obtain the elastic constants is by
studying bilayers in different geometries (e.g., planes, cylinders,
spheres), and comparing the free energy of membranes with
different shapes of definite curvatures.'® This approach can be
implemented quite naturally in numerical and theoretical
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studies. One requirement of this geometric method is an accurate
computation of the free energy of curved membranes, which in
turn requires a robust theoretical model of the amphiphilic
molecules. Among the different theoretical frameworks
developed for amphiphilic molecules, the self-consistent field
theory (SCFT) provides a versatile framework for the study of
self-assembled bilayer membranes. A number of previous
studies using SCFT have been carried out to investigate the
elastic properties of self-assembled bilayers."®**** In almost
all of these studies, the polymeric components are assuming to
be flexible, and the Gaussian-chain model is used to describe
these flexible blocks. On the other hand, many amphiphilic
molecules contain a rigid or semiflexible component, thus it is
interesting and important to extend these previous studies to
non-Gaussian models. In this study, we extend the SCFT of
flexible polymers to the semiflexible polymers described by the
wormlike-chain model and study the elastic properties of
liquid-crystalline bilayers self-assembled from semiflexible—
flexible diblock copolymers.

The most significant difference between flexible and semi-
flexible polymers is that semiflexible polymers could possess
orientational or liquid-crystalline order. It is well known that
the liquid-crystalline behaviors of semiflexible blocks have
significant effects on the self-assembly of semiflexible poly-
mers, such as rod-coil diblock copolymers, in solutions, in
melts or confined in thin films.">™® For the self-assembled
bilayers from rod-coil diblock copolymers, our earlier theore-
tical study has predicted that a variety of liquid-crystalline
bilayers, such as the A-phase and C-phase corresponding to
the smectic phases in bulk systems, could become equilibrium
phases of the rod-coil/coil system.>® It is natural to expect that
the liquid-crystalline order of the bilayers could have signifi-
cant effects on the elastic properties of the membranes.

In this paper, we report on a systematic study of the
elastic properties of bilayer membranes self-assembled from
semiflexible-flexible diblock copolymers using the 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 obtained accurate numerical solutions of
the SCFT equations corresponding to various tensionless
liquid-crystalline bilayers constrained in three geometries
(plan, cylinder and sphere). The bending modulus and
Gaussian modulus are extracted by fitting the free energies of
curved bilayers to the Helfrich model. The dependence of the
elastic properties on the microscopic parameters of block
polymers are studied.

The remainder of this paper is organized as follows.
Section 2 describes the SCFT model of our system, the geometric
constraints used in this study, the modified diffusion equations in
planar, cylindrical and spherical coordinate systems and the
numerical methods to solve the proposed model. Our results
on the elastic properties of the membranes are presented in
Section 3, including the influence of microscopic parameters of
the semiflexible—flexible system on the elastic properties. Finally,
Section 4 concludes with a brief summary.
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2 Model and methods

2.1 Basic model

The model system used in our study is a binary mixture of
A (coil, flexible)-B (semiflexible) diblock copolymers and
A (coil) homopolymers. In this model the diblock copolymers
act as the amphiphilic molecules and the homopolymers act as
the solvents. The phase behaviour of this system is controlled
by a large number of parameters related to the molecular
properties. In the current study, the copolymers and homo-
polymers are assumed, for simplicity, to have the same degree
of polymerization N. The volume fraction of the A- and B-blocks
of the copolymers are denoted by f, and fz = 1 — fa, respectively.
The interaction between the A and B monomers is described by
a Flory-Huggins parameter®® y, whereas the orientation inter-
action between the semiflexible segments is assumed to have
the Maier-Saupe form** quantified by an interaction parameter
1. The rigidity of the semiflexible chain is further measured
by a parameter /. Furthermore, the conformational asymmetry
between the A- and B-blocks is quantified by the geometrical
asymmetry parameter,”*® B = L/R,, where L = DN is the total

polymer-contour, Ry = v/Na?/6 is the gyration radius of the
A-chains, a and b are the statistical segment lengths of A and B
blocks, respectively. Finally the chemical potential of the
copolymers ., or the corresponding activity z. = exp(i.) is used
to control the average concentration of the diblock copolymers
in the system.

Within the SCFT framework formulated in the grand canonical
ensemble,”® the free energy of the binary mixture is given by,

NF
ks Tpg

= de[XNfbA(r)ébB(r) — WA(r)pa(r) — wp(r)Py(r)

+ S M)M) — () (9 () + dp(r) = 1) ?)
FUG(r = 1) (@A (X) — dp()] — 20 — O,

where ¢,(r) and w,(r) are the local concentration and the mean
field of the o-type monomers (o = A, B). The tensor field M(r) is
the mean orientation field of the semiflexible blocks (B). The
local pressure field £(r) is a Lagrange multiplier introduced to
enforce incompressibility of the system. A second Lagrange
multiplier, y, is used to stabilize the bilayer of different
geometries. Here a sharp Gaussian with width ¢, G(r — 1y), is
used to ensure that the i field only operates near the interface
at a prescribed position r;. The last two terms in eqn (2) are the
contributions from the single-chain partition functions of the
two polymers, Q. and Qj,.

The fundamental quantity to be calculated in the SCFT is
the polymer segment probability distribution functions (or the
propagators), gh(r,s) for the A-homopolymers, and gx(r,s),
gs(r,u,s) for the AB-diblock copolymers, where u is an unit
orientational vector. These propagators satisfy the modified
diffusion equations (MDE)* in the presence of the mean fields
(wa, wg and M),

%qg (r,s) = (Rg2V,2 — coA(r))qg (r,s), s€(0,1), (3)
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aqi(rv‘y) = (Rgzvr2 - CUA(I'))qi(l',S), s € (vaA)v (4)

0 L
aqﬁ(r, u,s) = (:I:ﬂRgu Vil — I'(r,u) + ﬂvlf)qﬁ(nu,s),
s €(0,/8),
(5)

with the initial conditions,

Gu0)=. ()

l]g(l‘,O):C];(l‘,O)Zl, T

A00) = [dugy (nufo), gh(r00) = L ai(v ). ()

The r,u-dependent field I'(r,u) is defined by
1
I(r,u) = wp(r) — M(r): (uu - §I) (8)

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

0. = jdrq;<r7.fA>7 9)

On = Jdrqg(r, 1). (10)

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

1
Ba(6) = 0 + 95 = | dseh o) (r1 -
’ (1)

fA
+ Zc[ dsgx (r,)gx(r,fa — $),
Jo

/B
op(r) = 4TEZCJO dstqu (r,u,8)gg (r,u, f — 5). (12)

Finally the orientational order parameter of the B-blocks is
given by

S(r) = 4nZCJ’deJdul]§ (r,u,s) (uu - %) g4 (ru,fz —s). (13)
0

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

A1) = NG(r) — 0 UG — 1), (14)
oult) = INGAT) — ) — G, — 1), (15)
M(r) = NS(r), (16)

9alt) + bol6) = 1, (17)

[ar6ite )00~ a0 =0, (18)

We are interested in the free energy of a system containing a
bilayer membrane compared to that of the homogeneous bulk
phase # p,1k, which can be computed analytically by solving SCF
equations with constant functions."®*” The free energy difference
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(# — Zpun) is proportional to the area of the membrane A,
therefore we can define an excess free energy density as,
N (?7 —F bulk)

Foy = ——— 022, 19
o kpTpyA (19)

The free energy for the bulk phase is given by,

NF buik

T TpoV = INf& bpun” + In(1 = ) — 1, (20)

where the bulk copolymer concentration ¢y is determined by
the following equation,

e = Indpu — In(1 — dpund + ANfs(1 — 2fsdbun).  (21)

2.2 Geometrical constraints

In order to extract the elastic parameters of the bilayer, especially the
bending modulus and Gaussian modulus, we need to calculate the
excess free energy of deformed bilayer membranes. Specifically, we
compute the free energy of the bilayers in three geometries: an
infinite planar bilayer, a cylindrical bilayer with a radius 7, which
is extended to infinity in the axial direction, and a spherical
bilayer with a radius 7. In previous studies,"**® a constraint term,
dr — 1y)(palr) — ¢p(r)), has been included in the free energy
functional to stabilize a bilayer in those geometries. In the cylindrical
and spherical geometries, the constraint is applied to the outer
monolayer only which allows the bilayer to optimise its thickness
and indirectly sets the curvature radius of the membrane. In this
paper we treat the delta function d(r) as the limit of the Gaussian
function, G(r), with ¢ tending to zero, and use a more moderate
constraint term, G,(r — r;)(¢a(r) — ¢g(r)), in eqn (2). Mathematically,
replacing the delta function with a Gaussian function improves the
numerical stability. It should also be noted that there is a convection
term in the MDE of the wormlike chain and many numerical
methods for convection equation could involve a loss of precision
when the solution is not smooth. Hence using the Gaussian
function G, could avoid potential numerical problems.

With these geometrical constraints, we obtained the excess
free energies for the three geometries, which are denoted by F°,
F°, F° for the planar, cylindrical and spherical membranes,
respectively. In this work, we focus on the tensionless bilayer
membranes, and the chemical potential of the copolymer, p., is
adjusted such that the excess free energy of a planar bilayer is
zero, i.e. F° =y + 2kpco> = 0, which is equivalent to y = 0 for a
bilayer membrane consisting of two identical leaflets has its
spontaneous curvature ¢, to be zero by symmetry."* For a curved
bilayer of finite thickness, the definition of the interface position
involves a certain degree of arbitrariness. We define the bilayer
interface, r, to be at the mid-point of the two position where
A- and B-segment concentrations are equal. The Helfrich free
energy can be written in terms of the curvature ¢ = 1/r in the
cylindrical and spherical geometries,

KMm ) KM 2

FC()=F" - ZKMcoc—l—Tc =5, (22)

F(c) = F° — 4ipcoc + (2xm + K6)E = (2 + Kg)c% (23)
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The bending modulus xy; and Gaussian modulus kg can be
obtained by quadratic polynomial fitting the effect of the
curvature ¢ on the excess free energy F© and F°.

2.3 MDEs in cylindrical and spherical coordinate systems

When the internal structure of the bilayer is disordered or
ordered with rotational symmetry, the above three geometries
can be reduced to a one-dimensional problem by an appropriate
coordinate transformation. Specifically, the MDE for coils in
one-dimensional planar, cylindrical and spherical coordinate
systems can be written in a unified form,

- Rﬁ%%(r”%fl(n S)) —o(r)q(r,s), (24)

0

—q\r,s

ERAUD)
where n =0, 1, 2 for planar, cylindrical and spherical coordinate
systems respectively. The situation for semiflexible chain is
more complicated since the orientation of the semiflexible
segments is coupled with its spatial coordinates. The MDE
for propagator ¢(r,u,s) of semiflexible chain in curvilinear
coordinates is,*’

9q

s +BR,(u-V, — [(u-V)u] - Vy)g — ['(r,u)g +

L 2
ﬁVu q.
(25)

Our previous study®® demonstrated that rod-coil diblock
planar bilayers could possess liquid-crystalline phase, such as
A-phase, OB-phase, C-phase, and P-phase. Of these four phases,
a bilayer membrane can be curved to a symmetrical cylinder,
but only the A-phases and OB-phase can be curved to a rotation
symmetrical sphere. In planar coordinate systems, the unit
orientation vector at r = (x, y, z) expressed as, u = sin®
cos Pe, + sin O sinde, + cosOe;, and the one-dimensional
MDE for ¢(r,u,s) is,
9

i +fR,cos O

99

2, .
5 v'q =:Lpq. (26)

L
-r =
(r,u)q-i-z/lv

Here the right hand is the operation of operator Lp =

+fRgc0os OO, — I'(r,u) + %Vuz on propagator ¢, and the vari-
able x is rewritten by r.

The coordinate in cylindrical coordinate systems is r =
(r, ¢, 2), and the unit orientation vector u is defined by u =
sin @ cos Pe, + sin Osin de, + cos Pe,. Rewrote g(r,u,s) by
q(¢,2,r,0,®,s), the symmetrical propagator ¢(r,0,P,s) satisfy
the one-dimensional MDE,

oq
a_j:/ﬂ'zg(

sin@cos’> ® Oqg  cos @ sin2d dg LI
r 00 2r 09 e
(27)

Similarly, the coordinate in spherical coordinate systems is r =
(,0,0), unit orientation vector is defined by u = sin © cos Pey +
sin O sin e + cos Oe,, and the MDE for ¢(r,0,9,s) is

@:iﬁRg( sir:‘@aq sin O sin @ cos 0 g

ds 960 rsn0 E)cb) +Leg. (28)
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Note that the coefficient before 8_3') is depend on 0, which

indicate that a orientational symmetrical solution ¢(r,0,,s)
must independent on @. Thus the one-dimensional MDE for
q(r,0,) is,

dq sin @ dq
55 = PR (— ; a—(p) + Lpg. (29)

2.4 Numerical method

For a given set of control parameters, the above SCFT equations are
solved to obtain solutions corresponding to bilayers of different
geometries. Numerically, the SCFT equations are solved by
iteration, and accelerated convergence by Anderson mixing.*°
The most time-consuming step is to compute the propagators
by solving the diffusion-like equations, especially for the semi-
flexible chain. Using operator splitting method, we divided the
solving MDE for semiflexible chain into two subproblems, one
for the spatial domain and another for the orientation,

0q1 . oq1

55 = +fBR, cos @_(9r —I'(r,u)qu, (30)
g2 _ L,
2 = FPR[(u-V)u] - Vygr + Zvu q>. (31)

In this study, the MDEs are supplemented with reflecting
boundary conditions, and the eqn (24) and (31) are solved using
the compact finite difference schemes.*’ In particular, the
partial derivative operators about r are treated by a fourth-
order compact finite difference schemes, and the s dependence is
dealt by implicit Runge-Kutta method.*> The scheme is especially
suitable for the current problem where a well-designed
nonuniform grid is easily used to capture the sharp interface.
The MDE (31) is solved by spectral method employing the
spherical harmonics as basic functions. The spherical harmonics
are defined as,

2[4+ 1(1 — m)! :
[+ (l m) P’;I(COS@)CIm(p7

[ 0,|m] <1,

where PJ" is the associated Legendre polynomials. The spherical
harmonics are eigenfunctions of the Laplacian operator, Vi,
and have relation, V,>¥" = —I(I + 1)Y}". To express the operation
of the first term in right hand of eqn (31), (27) and (29) on
spherical harmonics, we define two operators L and Lg,

Lc = —sin @ cos® ®dg + cos O sin @ cos Py, (33)
Lg = —sin @0p. (34)

Their operations on Y;" can be expressed by several spherical
harmonics,

_ + — m2
LoY]" = apmYla + QY + bim Y[y

+ b YT 2+ ConYTE + Gl YT (35)
LsY]" = 201, Y"1 + 205, Y7k (36)
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Here Y/" = 0 for [ < 0 or [m| > [, and the coefficients are,

o B S

4 = V-

ar _£ (I+1)2—m?
m — PAVEICEEE

b — 1 (I=m+1)(I+m=2)(I+m—1)(I+m)
Im — 421 ’

bt — (I=m+1)(I—=m+2)(I-m+3) (I+m)
Im — 4 4(1+1)2 -1 )

1\/1+m+| )(I=m=2)(I—m—1)(I—m)

Chy m = 421 ’

+ l\/(l-H?H—l)(/+m+2)(/+m+3)(/—m)
Cim =7 A1 :

Expanding u-dependent functions in terms of spherical
harmonics,

9(0,®,5) VYO, D)), (37)

Z qlm

the modified diffusion eqn (31), specified in cylindrical and
spherical coordinate systems, is converted to linear ordinary
differential equations (ODE) respect to spherical harmonic
coefficients §;,,. This ODE has a constant and sparse coefficient
matrix, which can be solved efficiently.

In the current study, the gyration radius R, is set as the unit
length, i.e. R; = 1, the numerical domain is constraint to one
dimensional and the size is determined by the concentration
profile to ensure the order near boundary is close to the bulk
phase. The orientation vector u on unit sphere is discretized by
32 values of @ and 36 values of @, and the spherical harmonics
expansion (37) is truncated by |m| < I < 16. The number of
spatial grid point is changed over 200-400, and time grid point
over 300-800 under different model parameters to make sure
the free energy is converged in the order of 10~* and the fields
are self-consistent with L>norm error less than 107°. The
Gaussian width ¢ in eqn (2) is set as & = 0.2R,. (However, the
elastic parameters are insensitive to the constraint Gaussian
width &.)

3 Results and discussion
3.1 Cylindrical and spherical bilayers

From the SCFT free energy of cylindrical and spherical mem-
branes with large radii or small curvatures, the bending mod-
ulus and the Gaussian modulus can be calculated by fitting the
free energy curve to the Helfrich model. The basic structural
properties of a self-assembled bilayer membrane are the spatial
distribution of the hydrophilic and hydrophobic monomers
across it, and the liquid-crystalline order of the semiflexible
monomers. A typical concentration profile for the A-phase liquid-
crystalline bilayer membrane in the spherical and cylindrical
geometry with the radius near r = 6R, is shown in Fig. 1. Similar
to the flexible bilayer membrane,"* the hydrophilic monomers
(A-blocks) in the inner leaflet have to pack more closely and

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Concentration profiles of an A-phase (a) spherical and (b) cylindrical
bilayer membrane (yN = yN =15, § = 4, J/L = 1.5, fo = 0.5). 4(S) are the
eigenvalues of S.

have a higher local concentration and wider distribution in the
axial direction, in comparison to the outer leaflet. In the
spherical A-phase bilayer, the orientation of the semiflexible
blocks are uniaxial because the geometry is isotropic, therefore
the orientation order parameter S has repeated eigenvalues,

1
ie A(S)=A(S) = —Eﬂ,l (S). However, the cylinder has different

principal curvatures, hence the orientation in the cylindrical
bilayer has a little divergence from uniaxial distribution,
i.e. 25(S) # 73(S) (see Fig. 1(b)).

3.2 Influence of chain rigidity

The semiflexible or wormlike chain model are specified by
two independent parameters, the total contour length L and
the chain rigidity parameter 4. The mean-squared end-to-end
vector for the wormlike chain is given by,

2 A
s | I (Ol (8)

This expression could be continuously interpolated between
the properties of a flexible, ideal chain and a rigid rod. In the
flexible limit, L/A > 1, R reduces to R =~ \/E/l\/m, which is
consistent with the ideal chain scaling formula R = /N for
freely jointed chains if we choose to interpret N = L// as the
number of statistically independent persistent segments and
select b = /2/. In the opposite limit of L/A « 1, R reduces to
R ~ Lwhich is evidently the exact result for a rigid rod. With A/L
changes from zero to infinity, the wormlike chain model can
describe both the coils and rigid rods. Here, we investigate the
effect of the rigidity of wormlike chain on the elastic properties
of semiflexible-coil bilayer membranes.

In order to cover the different scaling ratio, we fixed the
mean-squared end-to-end vector R* of the wormlike chain,
which means that L and //L are coupling parameters now. In
Fig. 2, we give the chemical potential, thickness and average
J4(S) of tensionless bilayer with yN = 20, R = v/6R,. Here the
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Fig. 2 The (a) chemical potential, (b) bilayer thickness and (c) average 4,(S)
of tensionless bilayers (yN =20, nN =0, R = V6R,).

bilayer thickness is defined as the copolymer excess per unit
area,™*
1 C
2 = - [ar(#5.6) + 630 ~ D) (59)

The Maier-Saupe interaction between wormlike chains is turn off,
ie. N = 0, to compare with the coil-coil/coil system. The results
for J/L « 1 agrees with the coil-coil/coil system,"* and the case of
AIL > 1 is converging to the rod-coil/coil system. As the rigidity of
wormlike chains increases, the thickness of tensionless bilayer
decreases, due to the increasing liquid-crystalline order interface.
It is worth to mention that the chemical potential y. for tensionless
bilayer has a minimum near /L ~ 0.3, i.e. L/b = /24 ~ 1.7. This
value is near the crossover point between the rod-like behavior and
the coil-like behavior.*® Fig. 3 gives the bending modulus, xy;, and
Gaussian modulus, kg, of tensionless bilayer membranes as func-
tions of the chain rigidity, //L. Increased the chain rigidity, the
bending modulus k), decreased, and the absolute value of Gaus-
sian modulus |k¢| almost decreased as well. The limiting values of
Ky and kg with /L tending to zero, in agreement with the values of
coil-coil bilayers. For the coil-coil bilayers, Li etc.'* found that ryy,
as a function of f,, exhibits a weak symmetry with respect to f, = 0.5,
and kg is a monotonically decreasing function of the f, when

fa <1—1/2/yN (=0.68 for yN = 20), and its value changes from

positive to negative, crossing zero at around f, = 0.41. This
phenomenon is also observed for the semiflexible bilayers, however
the threshold value for changing sign of g is not exactly 0.41. As
shown in Fig. 3(b), kg is close to zero when f, is close to 0.4.

3.3 Influence of Maier-Saupe interaction

When the polymers contain rigid segments, the interaction

between different segments increases the tendency of
() --f1=03
? hZos
= = —a—fa = 0.
S s . fiZos
E E fa=07
2 p
¢ g
S B ol eeseaseaod
3 s W
= <
IS g, f“‘ﬂ
05 -2 -1 0 1 2 -3 -2 -1 0 1 2
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Fig. 3 The (a) bending modulus ky and (b) Gaussian modulus kg of
tensionless bilayers (yN =20, nN =0, R = v/6R,).
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Fig. 4 The (a) chemical potential activity, (b) bilayer thickness and (c)
average /() of tensionless bilayers (R = v/6Rg, xN =20, fy =0.5).

parallel arrangement. This orientational interaction is described
by the Maier-Saupe interaction. Fig. 4 gives the chemical
potential and order parameters of tensionless bilayer as a
function of #N, where some typical chain rigidity, A/L = 0.5, 1,
2, 4 and oo, are considered. Since the formation of liquid-
crystalline phase decreases the free energy of the bilayers, the
chemical potential activity z. is decreasing when yN increases,
meanwhile the increasing 1,(S) indicates more and more strong
liquid-crystalline order.

As could be seen in Fig. 4(b), the thickness of the bilayers
exhibit different behaviour for 2//L < 1 and A/L > 2. This is
due to the fact that the semiflexible chain of copolymer in
the bilayer has different configurations which could be
regarded as different liquid-crystalline phases. Furthermore,
the chain rigidity affected the phase transitions. When semi-
flexible blocks have large chain rigidity, such as A/L > 2, the
bilayers transit from A.-phase (interdigitated spatial arrange-
ment) to As-phase (end-to-end arrangement) as #N increases.
However, when the chain rigidity is weak, large orientation
interactions lead the semiflexible blocks to be folded*>** (denoted
by Arphase), which is reflected in the non-monotonicity of bilayer
thickness Q.

To illustrate the influence of liquid-crystalline phases on the
elastic properties of tensionless bilayers, we present the results
of 1k and k¢ as a function of #N in Fig. 5. When //L > 2, the
bending modulus ky; is a increasing function of nN and
becomes very large when the bilayers possess Ag-phase. The
opposite number of the Gaussian modulus «g, which are negative,
have the same tendencies. However, for the bilayers possess
Arphase when 4/L < 1 and #N is big, the elastic properties have
different tendencies, where the value of k) and —xg are
decreasing functions of yN.
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Fig. 5 The (a) bending modulus xy and (b) Gaussian modulus kg of
tensionless bilayers (R = V6Ry, xN = 20, f4 = 0.5).
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3.4 Influence of temperature

It is well known that many molecular species can influence the
phase state of the membrane bilayer. Temperature is however
the most direct means to modulate the phase behaviour and
then affect the elastic properties of the membrane bilayers. For a
given copolymer, the molecular properties usually depend on the
temperature. The influence of temperature in our SCF model are
reflected in the parameters such as A/L, yN and yN. In this
section we consider two cases of this influence. It is noted that,
in principle, the effect of the various interaction parameters
could be studied by changing these parameters individually.
In the current study, we choose to make the variation of the
interaction parameters by changing the temperature alone.

In the first case, we study the influence of temperature 7 on
the elastic properties of tensionless bilayers by assuming that
N, nN and /L are all proportional to the inverse of temperature
1/T, i.e. the ratios among yN, yN and /L are fixed. Fig. 6 gives
an example of yN:nN://L=1:1:0.1, where the polymer contour-
length L is fixed as 4R, and the chain rigidity A/L > 1. The curves
of ky are almost linear with positive slops which indicate that
the bending modulus of the bilayers are increasing functions of
1/T. The dependence of kg on the temperature is much more
complex, where kg changes from decreasing to increasing, cross-
ing the minimum at a threshold value of 1/T.

In the second case, we mainly study the bending modulus by
assuming that the temperature only affects the chain rigidity
AIL, while z. is fixed hence the bilayers are not necessarily
tensionless. Fig. 7 gives an example of yN = 20, nN = 16, f, = 0.5,
Z. = 45. One interesting thing is that the nonmonotonic effect of
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2 fa4=035 fa=035

L hiZoa 2 f4=04
10 fa=05 fa=05
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10 12 14 16 18 20 22 10 12 14 16 18 20 22
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Fig. 6 The (a) bending modulus xm and (b) Gaussian modulus kg of
tensionless bilayers (L = 4Rg, yN:yN: /L = 1:1:0.1).
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Fig. 7 The bending modulus #y of liquid-crystalline bilayers (R = V6R,,
N =20, yN = 16, fo = 0.5, z. = 45).
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bilayer thickness defined by the excess concentration, Q/Ry. (Polymer
parameters are same with Fig. 3.).

temperature on kj;. As mentioned before, A/L = 0.3, corres-
ponding to T = Ty, is a critical rigidity to bridge flexible
and semiflexible, and the phase states on each side may be
different. The bending modulus has a local minimum near Ty,.
This phenomenon is well known in lipid membranes® where
the bending modulus decreases considerably near 7,, on both
sides of the transition.

3.5 Bilayer thickness and bending modulus

A number of studies claimed that bending modulus is propor-
tional to the square of thickness of the membrane,®?>3°
knm oc d?, where d is the effective membrane thickness, which
could be related to the excess concentration Q defined in
eqn (39). In Fig. 8, we give the relationship between the square
root of bending modulus, ,/im, and the excess concentration,
Q, for the bilayers calculated in Section 3.2. The curves with
different f, are almost straight lines with almost the same slop
about 0.56. Furthermore, interception of Q at zero ky, o,
depends on the polymer parameters. This result confirms the
scaling of iy with thickness to be nearly quadratic, xy oc d” =
(Q — Q)% in good agreement with existing theories®*>*® for
bilayer membranes. Here we call d the effective bilayer thick-
ness which is defined as a shift of the thickness or excess
concentration @, i.e. d = Q — Q,. Moreover, the ratio C = i\/d” is
not sensitive to the polymer rigidity /L and the monomer
volume fraction f,. It is interesting to note that in the typical case
with the A-monomer and B-monomer having the same volume
fraction in the A-B copolymer, ie. fy = fg = 0.5, the curve is
extraordinarily straight and the Q-intercepts €, is very close to the
gyration radius R, of A-monomer, which means ry; o¢ (2 — Ry)’.

4 Conclusions

In summary, we have systematically investigated the elastic
properties of liquid-crystalline bilayer membranes self-assembled
from semiflexible-flexible diblock copolymers. The study was
carried by applying the self-consistent field theory to a molecular
model composed of semiflexible-flexible diblock copolymers
dissolved in corresponding flexible homopolymer solvents.
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The semiflexible and flexible blocks are described by wormlike-
chain and Gaussian-chain respectively. The free energy of planar,
cylindrical and spherical bilayer membranes are calculated by a
hybrid method, in which the orientation-dependent functions
are treated using the spherical harmonics, while the special
operators are discretized by the compact difference schemes.
Particularly, we focused on the A-phase bilayers assuming the
orientation of the semiflexible chains are perpendicular to the
bilayer interface, which allows us using the symmetry of cylinder
and sphere to reduce the spacial dimension to one.

The free energy of the bilayers with different geometries
allowed us to obtain the elastic constants of the self-assembled
bilayers. Specifically, comparing the free energy of cylindrical
and spherical bilayer membranes with different curvature to
the Helfrich’s linear elasticity theory, we extracted the bending
modulus xy; and Gaussian modulus kg. These results are then
used to investigate the dependence of the elastic constants of
the tensionless bilayer membrane on the microscopic para-
meters of the system, such as the chain rigidity A/L of semi-
flexible blocks, and the Maier-Saupe parameter #N. It is found that
the bending modulus xy; is a decreasing function of the chain
rigidity A/L, while the absolute value of Gaussian modulus |«kg| is
almost decreasing as well. The values for the flexible limit case
/JL < 1 agree with the results of coil-coil/coil system. When the
Maier-Saupe interaction is considered, the bilayers tend to possess
liquid-crystalline order, which in turn increases the bending
modulus and decreases the Gaussian modulus. However, the
modulus is also affected by the configuration of semiflexible
chains in bilayers, such as the case of large #N and small /L,
where the semiflexible chains are easily folded. In addition, the
influence of temperature characterized by particular parameter
combinations, and the relation between the effective bilayer
thickness d = Q — @, and bending modulus ky; are examined.
The results confirm the scaling of ), with the bilayer thickness
to be nearly quadratic, xyy & Cd? in good agreement with
existing theories for bilayer membranes.®*>¢ Particularly, we
found that the coefficient C is not sensitive to the chain rigidity
and the monomer volume fraction.

It is worth to mention that previous experiments and theory
have demonstrated that semiflexible diblock copolymers could
self-assembled to form a large number of liquid-crystalline bilayer
phases®® beyond the A-phases considered in this paper. It is
natural to expect that tilt angle of semiflexible chains in bilayers
could affect the elastic properties. In particular, exploring the
elastic properties of C-phase bilayer membranes is a very inter-
esting topic. Another extension of the current study is to go
beyond cylindrical and spherical geometries. For instance, studies
of a disk-like membrane and a pore in a planar membrane can be
used to extract the line tension of the membrane edge."* However,
a detailed study of these topics is beyond the scope of the current
paper and we will leave this topic to future study.
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