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ABSTRACT: We examine the phase behavior of diblock copolymers of arbitrary flexibility near their order-
disorder transition. Our approach is based on a free energy functional calculated from a microscopic model
of rigid rods connected with free joints and depends only on a small set of parameters, including the Flory
x parameter, a Maier-Saupe parameter, and the rod lengths and molecular weights of each block. By analyzing
spinodals within this model, we have explored the effect of differences in flexibility between the two blocks,
as well as the stiffness of the diblock as a whole, on the phase behavior. We find that nematic and microphase
fluctuations can significantly affect transition temperatures and phase boundaries when the difference in

stiffness is large.

I. Introduction

A diblock copolymer is a polymer consisting of a
sequence (or block) of one type of monomer, A, joined
chemically to a block of another type of monomer, B. At
high temperatures, a melt of diblocks tends to mix into an
isotropic, disordered phase with uniform composition. At
low temperatures, diblocks cannot phase separate on a
macroscopic scale because the A and B blocks are joined
together. Instead, they tend to demix into microphases,
characterized by alternating regions rich in each block.
Microphase separation of flexible diblocks has been studied
extensively for more than a decade,! but the thermo-
dynamics of semiflexible diblocks have received only recent
attention. In this paper, we focus on the effect of
differences in flexibility between the two blocks, as well
as the effect of increased stiffness of the diblock as a whole,
onthe order—disorder transition. Differences in flexibility
affect miscibility in polymer blends? as well as interfacial
tensions®® and should therefore strongly influence mis-
cibility in diblock copolymers. Moreover, if the diblock
is sufficiently stiff, liquid crystalline phases such as nematic
and smectic C phases might be observable in addition to
thesmectic A (lamellar) phase typically formed by flexible
diblocks.

Microphase-separated block copolymers with blocks of
different stiffnesses are technologically useful as polymeric
composites. The flexible blocks provide toughness, or
resistance to fracture, while the stiff blocks provide tensile
strength and thermal stability.”® In addition, there is
considerable interest in developing block copolymers with
flexible and conducting polymer blocks. Conjugated
polymers tend to be quite stiff due to electronic delocal-
ization. Several groups, including Enkelman, Muller, and
Wegner,'0 Chien and co-workers,!! and Bake and Bates,'?
have synthesized flexible/conjugated multiblock copoly-
mers. Stowell and co-workers!3 reviewed work up to 1988
on block and graft copolymers containing polyacetylene.

* T'o whom correspondence should be addressed.

tCurrent address: Department of Materials Science & Engineering,
University of Illinois, Urbana, IL 61801.

{Current address: Exxon Research & Engineering Co., Annandale,
NJ 08801.

$Permanent address: Department of Chemistry & Biochemistry,
UCLA, Los Angeles, CA 90024.

@ Abstract published in Advance ACS Abstracts, April 1, 1994.

0024-9297/94/2227-2974304.50/0

Morerecently, Krouse and Schrock!4 and Saunders, Cohen,
and Schrock!® have synthesized flexible/conjugated diblock
copolymers.

Another example of a semiflexible diblock is a rigid-
rod-like mesogenic block coupled to a flexible block, known
as a rodcoil copolymer. Radzilowski, Wu, and Stupp!®
have synthesized such diblocks with polyisoprene as the
flexible block and nitroazobenzene coupled to rigid
biphenyldicarboxylic acid asthestiff block. Althoughthey
observe microphase separation and see nanoscale nematic
domains in the microstructure, details of the morphology
of the periodic structure, the orientation of the rodlike
segments relative to the plane of the thin film, and the
exact temperature of the order—disorder transition have
not yet been fully explored.

Finally, Almdal and co-workers!” have studied a less
extreme case of semiflexible diblocks where both blocks
are flexible polyolefins but have different statistical
segment lengths. In this and subsequent work,?18 they
observe that the phase behavior is profoundly altered by
the difference in statistical segment length.

A decade ago, Leibler!'® put forward a Landau-Ginzburg
theory to describe the phase behavior of flexible diblocks
with equal statistical segment lengths in the limiting regime
known as the weak segregation limit (WSL), where
interactions between the blocks are sufficiently weak so
that individual chain statistics are unperturbed. Leibler’s
theory, together withsubsequent work by Fredrickson and
Helfand? to include fluctuation effects, has been extremely
successful in describing the phase diagram near the order—
disorder transition as a function of only a few relevant
parameters, namely, the Flory x parameter, the chain
length N, and the fraction of type A monomers, f. In the
opposite limiting regime, called the strong segregation limit
(SSL), the interaction between the two blocks is sufficiently
large so that nearly pure A and B microdomains are
separated by narrow interfaces. The SSL has beenstudied
by several groups for flexible diblocks. Helfand and
Wasserman?! developed a self-consistent field theory that
allows quantitative calculations of free energies, composi-
tion profiles, and chain conformations. Their numerical
calculations of phase diagrams in the SSL are in good
agreement with experimental results. Semenov?2 devel-
oped an analytical technique for the xN — « limit, which
was later extended by Milner, Witten, and Cates,28 where
the strongly stretched nature of the copolymers was
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exploited to approximate the configurational integrals by
the classical extremum of the energy functional. Finally,
we note that Ohta and Kawasaki?* used a free energy
functional derived from the random phase approximation
(RPA), not strictly valid in the SSL, to obtain results
qualitatively similar to those of Helfand and Semenov.

Vavasour and Whitmore?® generalized the self-consistent
mean field theory for flexible diblock copolymers to include
different statistical segment lengths for each block. Their
numerical results, however, were confined to the case of
equal statistical segment lengths.

The effect of block flexibility on the isotropic-nematic
transition has been studied by two groups. Fredrickson
and Leibler3s considered a melt of random copolymers
made up of two monomers that have different flexibilities.
They found that the system separates on a macroscopic
scale at the isotropic—nematic transition into a nematic
phase of copolymers with a higher fraction of the stiffer
monomer, coexisting with an isotropic phase of copolymers
with a higher fraction of the more flexible monomer. Wang
and Warner?” examined a melt of multiblock copolymers
made up of alternating rod and coil blocks and calculated
the decrease of the isotropic-nematic transition tempera-
ture with increasing molecular weight of the coil block.

Microphase separation in a melt of rodcoil diblocks was
first studied theoretically by Semenov and Vasilenko.?
They found that the melt can form a nematic phase for
small values of x when the volume fraction of the rigid
block is large. With increasing x, various smectic phases
were predicted, including a monolayer lamellar phase at
small x and a bilayer lamellar phase at large x. In the
monolayer lamellar phase, rod-rich layers with a thickness
comparable to the length of the rods alternate with coil-
rich layers. In the bilayer lamellar phase, rod-rich layers
of twice thelength of the rods alternate with coil-rich layers.
In the monolayer configuration, the lateral distance
between flexible coils is larger than in the bilayer
configuration, but the total rod—coil interfacial area is
larger. Thus, when the interfacial tension is low (small
%), the system forms monolayer lamellae to reduce the
elastic stretching of coils. When the interfacial tension is
high (large x), the system prefers to form bilayer lamellae
to reduce the total interfacial area. Halperin® and
Semenov3® also predicted a transition from a smectic A to
a smectic C phase in diblocks with a large volume fraction
of the flexible coil. In the smectic A phase, the rodlike
blocks are aligned normal to the layers, while in the smectic
C phase, the chains are tilted by some angle relative to the
layer normal. Inthesmectic A phase, the total interfacial
area is lower but the lateral distance between coils issmailer
so the elastic energy cost is higher; in the smectic C phase,
the elastic energy is lower but the interfacial energy is
higher. Williams and Fredrickson® suggested yet another
possibility when the volume fraction of coils is high,
namely, the “hockey puck” phase. This is a discrete
micellar phase where rods are packed axially into cylinders.
Williams and Fredrickson argued that this microstructure
enables the chains grafted to the top and bottom surfaces
of the cylinders to fan out, thus reducing the elastic energy
of the coils at the cost of creating an extra curved surface.
Finally, Williams and Halperin32 recently examined the
phase diagrams of semiflexible-flexible chain diblocks.
They assume that the isotropic-nematic transition occurs
when the system is already in the SSL and study the
competition between lamellar, cylindrical, and spherical
microphase structures. Since their analysis assumes that
the semiflexible chain elasticity is controlled by hairpin
defects, it only applies to high molecular weight blocks.
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The first study of the thermodynamics of rodcoil diblock
copolymer melts in the WSL was done by Holyst and
Schick.33 They calculated the Landau expansion in two
order parameters, the composition order parameter em-
ployed by Leibler!® and an orientational density order
parameter. This second order parameter is needed when
individual monomers have a rigid, anisotropic character
and describes transitions to orientationally ordered phases
such as nematics. Similar two-order-parameter theories
have proved quite useful in the study of binary blends of
rods and coils® or of polymers of arbitrary stiffness.43
Holyst and Schick?® calculated the expansion coefficients
of the Landau theory up tosecond order using the random
phase approximation, starting with a microscopic model
of rodcoil chains with a Gaussian block joined to a rigid
rod block. Interactions were included through a Flory
interaction parameter to describe isotropic interactions
and a Maier-Saupe parameter to describe anisotropic
interactions. Holyst and Schick showed that the lamellar
domain boundaries are sharper for longer rods. They also
studied the phase behavior of the rodcoil melt as a function
of the interaction parameters.

Our study of the phase behavior of semiflexible diblocks
is in the same spirit as Holyst and Schick’s. We also use
the random phase approximation to calculate the Landau~
Ginzburg free energy functional up to second order in
composition and orientational density order parameters.
Unlike Holyst and Schick, however, we have formulated
the free energy for blocks with arbitrary flexibility. This
enables us to study phase behavior as a function of global
and individual block flexibilities. In our microscopic
model, one block is composed of N, rigid rods of length
baao connected by free joints, while the other block is
composed of Np rigid rods of length bgas, where the
monomer length a, is the same for both species. Our free
energy functional therefore depends on a small set of
parameters, namely, the number and length of rods in
each block, the isotropic interaction parameter x, and the
anisotropic interaction parameter w. It should also be
noted that no gradient expansion is involved; hence, the
vertex functions in the free energy are also complicated
functions of the wave vector of the microphase pattern.
Since we have expanded the free energy to quadratic order
in the two order parameters about the isotropic phase, we
can only study the spinodals from the isotropic phase—that
is, we can study transitions from the isotropic phase to the
nematic phase, or from the isotropic to the microphase
region, but we cannot examine transitions among the
different microphases or transitions from the nematic
phase to any of the microphases.

II. Microscopic Model and Free Energy
Functional

An example of our microscopic model of diblocks is
shown in Figure 1. Both species A and B are composed
of rigid cylindrical segments, or monomers, of fixed length
ag, diameter do = ag(4/7)!/2, and volume vy = a¢®. The A
block is composed of N rigid rods connected by free joints;
each rod contains b, segments. Similarly, the B block is
composed of Nprods, each containing bg monomers. Thus,
the persistence lengths of the blocks are baap and bpay,
the contour lengths of the blocks are Nabaao and Ngbgao,
and the contour length of the entire copolymer is Nay =
Npbaas + Ngbpag. We consider only incompressible
melts3€ of monodisperse semiflexible diblock copolymers,
so the volume fraction of A is

f=N,b,/(N,b, + Ngbg) @1)
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Figure 1. (a) Microscopic model of diblocks showing the A block
(thin lines) composed of N rigid rods, each with b4 monomers,
and the B block (heavy lines) composed of Np rigid rods of bg
monomers each. The rigid rods are connected by free joints.
Individual monomer segments are not shown. (b) Representation
of a type-A rigid rod as b, contiguous cylindrical segments, each
of length a,.

To characterize the various phases of semiflexible
copolymers, we introduce two microscopic order param-
eters for each block. One of these is the standard
composition order parameter, which describes the devia-
tion of the local volume fraction of a species from the
average global volume fraction. Thus, we define the order
parameters

APy = @p (M) - f
dp(P) = og(H -1 - (2.2)

where ¢4 and ¢p are the local volume fractions of A and
B, respectively:

Na
o) = 0,3 3 [2ds 61 = (P + sy )]
m n=1

Np
o) = 0,3 > [Bds o1F - (Fp py + 5,0 (2.3)
m n=1

Here, the variable m indexes different copolymer chains,
while n runs over rods in a given block and s runs over
monomers in a given rod. (Our notation for the variable
s suggests a continuum limit that will be applied through-
out.) We define #,,, as the center-of-mass position and
linm as the tangent vector of rod n of chain m; thus, the
position vector of segment s on rod n of chain m is ¥, » +
Slnm. Sincethe monomer segments arerigid, we constrain
the length of the tangent vector to be unity for all segments.
Note that the thermal average of ¢a(7) is simply f in the
disordered phase, so the thermal average of A7) vanishes
in the disordered phase.

Thesecond order parameter introduced for each species
is the local nematic tensor order parameter. Thisdescribes
orientational order. The nematic order parameters for
species A and B are

i) =
Na

: ; 1 ..
ZZ 24/7%ds 8F = (., + S, )] [u‘n - :_3_511]
m n=1
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m n=1
(2.4)

Note that in the isotropic phase, the thermal averages of
“and S are zero.

As stated earlier, the enthalpic contributions to the free
energy are characterized by two pairwise interaction
parameters, namely, the standard Flory interaction pa-
rameter x and the Maier-Saupe parameter w. These
interaction parameters could arise from enthalpic or from
steric excluded volume interactions.3” We describe the
isotropic interactions between segments A-A by xaa,
between B-B by xpp, and between A-B by xas. For an
incompressible melt, we define a single effective interaction
parameter x = xaB — (xaa + xsg)/2. Similarly, we define
the anisotropicinteractions wy, wg, and wap between A-A,
B-B, and A-B monomers, respectively. These anisotropic
interactions favor parallel alignment of segments when
they are positive in sign. To minimize the number of
interaction parameters, we assume that all of the Maier-
Saupe parameters are the same: w = wy = wp = wagp. This
simplifies the analysis without qualitatively changing our
generalresults. Inprinciple, the parameter x can be varied
through zero; the parameter w, on the other hand, is always
nonzero due to excluded volume interactions. Thus it
would seem that the ratio of anisotropic interaction
strength to isotropic interaction strength w/x can be
arbitrarily large. In practice, however, x is positive when
the two species have different stiffnesses. Indeed, a
difference in stiffness alone apparently gives rise to a
positive entropic contribution to x,%0 so we anticipate that
physical values of the ratio w/x will lie within an order of
magnitude of unity.

The calculation of the Landau-Ginzburg expansion
coefficients to quadratic order is similar to calculations
presented in section ITI of Leibler’s paper!® and by Holyst
and Schick.®® Since Leibler was interested in flexible
diblocks, he retained only the composition order param-
eter. Holyst and Schick studied rodcoil diblocks, so they
retained the composition and the orientation of the rod
component as two order parameters. We are interested
in diblocks of arbitrary flexibility, so we have retained the
composition of one component and the orientation of both
components as three separate order parameters. We
compute various noninteracting pair correlation functions
of the order parameters at all wave vectors & (see Appendix
A). We then perform a Legendre transformation by
inverting the matrix consisting of the correlation functions
(see Appendix B).

The Landau-Ginzburg free energy F' is conveniently
written as a dimensionless free energy per monomer ¥

F16,S 5, Sg] = BF16,S , S ploy V 2.5)

where ¢ is the thermal average ¢4 (because of incom-
pressibility, ¢a(k) = —¢p(k)), and S, and gB are the
thermal averages of S 4 and ?B, respectively. Note that
since S and Sg are irreducible second-rank tensors
describing uniaxial nematic order, they must have the
following form in reciprocal space:

Sik) = SA(k)(nf*n;* - 55”)

i
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Sii(k) = sB(k)(n?n}?-%a"f) 2.6)
where A4(k) and AB(k) are unit directors for species A and
B

In reciprocal space, we obtain

1
F =22 14(k) - 2x19(k) (k) + [By(k) -
k

wA]SA(k) Sa(-k) + [Bg(k) - wg]lSz(k) SB(—k) +
[BAB(k) - wygl (SA(k) SB("k) + SA("k) SB(k)) +
Cy)[o(k) Sy(-k) + ¢(-k) S,(k)] +
Cp&)[#(-k) Sp(k) + ¢(k) Sp(-k)] (2.7)

Expressions for A(k), Ba(k), Bg(k), etc. in terms of the
noninteracting pair correlation functions are provided in
Appendix B. Note that Ba(k), Bg(k), Ca(k), and Cg(k)
all depend on the angles between k and the directors
firA(k) and AB(k).

II1. Base Set of Equations for Spinodals

To determine the phase diagram, we minimize the free
energy with respect to the order parameters and the wave
vector k. Since we have expanded the free energy only to
quadratic order, the low-temperature behavior is inac-
cessible to us. Instead, we study the stability limits of the
isotropic, disordered phase. At high temperatures (small
x and w), the isotropic phase is stable to perturbations in
composition and orientation. At lower temperatures,
however, the isotropic phase may become unstable to either
the nematic phase or to a microphase. Unfortunately, we
are unable to distinguish between the smectic A (lamellar)
microphase and other microphases such as the hexagonal
phase of cylinders, the bee phase of spheres, or the hockey
puck phase. A higher order calculation of the free energy
would be necessary to differentiate between these struc-
tures. In the following analysis, we therefore use the
generic term “microphase”.

The stability limits of the disordered phase are derived
by setting to zero the determinant of the matrix of second
derivatives of the free energy with respect to the three
order parameters:

8*F
a t[—————] -0 5.1
o5 a5, @D

where £ = (¢,54,5p).

For a given set of chain parameters, ba, b, N, and Np,
our aim is to find the weakest interaction parameters
(highest temperatures) for which the disordered phase is
unstable. Expressions for the spinodal values x, or w, as
functions of the wave vector k can then be derived from
eq 3.1. Finally, we find the minima of x; or w, as functions
of k to obtain the stability limits. If the magnitude k* at
the minimum is nonzero, then the disordered phase is
unstable to a microphase, and if the value of k* is zero,
then the disordered phase is unstable to a nematic phase.
Note that if there are two equal minima, one at k* = 0 and
one at k* = 0, then the isotropic phase is unstable to both
the nematic phase and a microphase; we call this a triple
point.38

In carrying out the analysis outlined above, we have
alsomade another approximation. Ingeneral, the directors
fi* and AB defined in eq 2.6 may lie at arbitrary angles 64
and 6B relative to k. In the analyses presented in the
following sections, however, we have made the simplifying
assumption that 64 = B = 0 at the minimum of x, or w,
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with respect to k. If we assume that the microphase is
smectic, this corresponds to the smectic A phase. Simi-
larly, 64 = 0 or 6B # 0 corresponds to the smectic C phase.
For f near 0.5, we expect, on the basis of arguments by
Halperin? and Semenov,3 that the smectic A phase should
preclude the smectic C phase at the transition from the
isotropic phase. At compositions nearf=0orf =1, we
expect ordered micellar phases to preempt the smectic C
phase. We have performed the general analysis, minimiz-
ing x; or w, with respect to k = |k|, 64, and 6B, for some
special cases and have always found that the minimum
lies at 6A = 4B = 0, Since it is probable that the smectic
C phase is always precluded by some other phase near the
isotropic phase, we are justified in neglecting it in our
spinodal analysis.

The equation of x, that satisfies eq 3.1 is the same
equation that we obtain by first integrating the free energy

over S, and Sy and then taking the second derivative with
respect to ¢, because our theory is quadratic in those order
parameters. Thus, the spinodal value of x is also the
effective value of x once orientational degrees of freedom
have been integrated out. This effective x hence contains
contributions from orientational fluctuations. Similarly,
the equation for w, that satisfies eq 3.1 is the same one
that would be obtained by integrating over ¢. Therefore,
by solving eq 3.1 for the spinodal value of w, we have
included compositional, or microphase, fluctuations at the
Gaussian level.

IV. Results

We have constructed phase diagrams as a function of
varying chain stiffness. Our aim is to describe trends as
the difference in stiffnesses between the two blocks is
varied and as the stiffness of the diblock as a whole is
increased. Inparticular, we are interested in the spinodal
value of the Flory x parameter for fixed Maier-Saupe
parameter w, and the spinodal value of w for fizxed y, as
well as k*, the preferred wave vector of the microphase,
as functions of chain stiffness and volume fraction f. To
this end, we have studied several different series of diblock
copolymers. Within each series, the total number of
monomers N = Nby + Npbg is held fixed while Ny, by,
Ng, or bp is varied. We have studied the dependence of
x on N separately in each case and find that for chain
lengths exceeding roughly 10 times the persistence length
of the stiffer block, i.e., for N 2 10bg, for bg > by, x varies
inversely with N, as expected.

A. Series I: Flexible-Semiflexible Diblocks. In
series I, we start with a flexible diblock melt, similar to
that studied by Leibler. The volume fraction £, defined
in eq 2.1, is held fizxed at f = 0.5. We begin with by = 1,
bg =1, Ny = N/2,and Ng = N/2. In this case, we fix N
= 200. We then increase the persistence length b of the
B block, keeping by = 1 fixed. Note that Np must
correspondingly decreasesince fis fixed. SeriesItherefore
consists of a family of diblocks where the A block is always
a flexible coil and the B block ranges from a flexible coil
toarigid rod. Note that the smectic A phase is the stable
microphase and the transition from the isotropic phase is
most weakly first order at f = 0.5 for the symmetric limit
ba = bg = 1, so0 our analysis is more relevant to the true
phase behavior when the B block is a flexible coil than
when it is a rigid rod.

In the first set of calculations on series I, we fix the
strength of the anisotropic interaction parameter w. In
Figure 2a, we plot the spinodal value x.V as a function of
be/N for w = 0 (solid), w = 0.2 (dashed), and w = 0.75
(dotted) as the B block is varied from a flexible coil (bg/N
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Figure 2. Phase diagrams for series I (flexible—semiflexible
diblocks) with N = 200, by = 1, and N, = 100. The B block is
varied from bg = 1 to bg = 100, with Ny = 100/bg. (a, Top) The
spinodal value of xV vs bg/N for w = 0 (solid), w = 0.2 (dashed),
and w = 0.75 (dotted). These curves represent the transition
from the isotropic to the smectic phase. The large solid circle
and square at the end of the dashed and dotted curves,
respectively, mark the triple point, where the isotropic, nematic,
and smectic phases coexist. (b, Middle) The spinodal value of
wbp vs bp/N for xN = 0 (solid), xIN = 9.0 (dashed), and xN =
10.0 (dotted). The solid curve represents the transition from the
isotropic phase to the nematic phase at x = 0. The dashed and
dotted curves mark the isotropic-nematic transition to the left
of the large solid circle and square, respectively, and mark the
isotropic-smectic transition to the right of the solid symbols. (c,
Bottom) The wave vector k*R, of the ordered phase in units of
the radius of gyration vs bg/N for xN = 8.5 (dot—dashed), xNV =
9.0 (dashed), and xN = 10.0 (dotted). In the nematic phase,
k*R, = 0 and in the smectic phase, k*R,; > 0. Note that the onset
of the smectic phase moves to smaller by as x increases.

=1/N)toarod (bg/N = 1/2). The spinodal value yx; is our
best estimate, within the quadratic theory, of the position
of the order—disorder transition. Thus, when x is smaller
than the spinodal value, we predict the system is in the
disordered phase, and when x exceeds the spinodal value,
we predict the system is in a microphase (where k* > 0),
Note that in the flexible limit, where bp/N <« 1, xsIV
approaches 10.5, in agreement with the value predicted
by Leibler for flexible diblocks.!® From Leibler’s analysis,
we also know that the microphase is a smectic A phase
there. As bg increases, X[V first increases, until bg is of
the order of the radius of gyration of the flexible A block,
and then decreases. We remark that the actual numerical
change in xN with stiffness is disappointingly small,
although the trends are interesting. The initial increase
of x:IN implies that at f = 0.5, the blocks initially become
more miscible as bgincreases. Thisis consistent with phase
diagrams that will be discussed later (Figure 6), where the
spinodal curve shifts to higher volume fractions of the
stiffer component. This may be understood in terms of
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the spontaneous curvature of the copolymer layers that
compose the smectic structure. When f = 0.5 and bg >
ba, there is a spontaneous curvature in the ordered phase
that favors the stiffer component on the inside, since it
costs less entropy to stretch stiffer chains, The presence
of spontaneous curvature makes the smectic phase less
favorable, so a stronger interaction y is required to drive
the system from a disordered to a smectic phase. This is
why x/V initially increases with bg/N in Figure 2a. It
must be noted, however, that experiments by Bates and
co-workers? on the order-disorder transition in diblock
copolymer melts show the opposite trend. They find that
as bp increases, a weaker interaction x is required to drive
the system into the ordered phase. Recently, Bates and
Fredrickson showed that there is a contribution to x arising
from short-wavelength fluctuations that favors phase
separation in homopolymer blends.#? This contribution,
which is not included in our calculation, should affect
microphase separation at scales on the order of the radius
of gyration as well and may exceed the shift in x, due to
spontaneous curvature effects that we find here.

As the B block stiffens, it costs less conformational

entropy to induce a nonzero orientational density S. In
the simplest case of a smectic phase, there is a nonzero

S because the chains are stretched parallel to B* (in the
direction of translational order). So asthe B block stiffens,
it costs less conformational entropy to form the smectic
phase, and therefore a smaller x is required to drive the
system from the isotropic to the smectic phase. Thus, for
small bg/ba, our results show that x,N increases in Figure
2a due to spontaneous curvature effects, but for large bp/
ba, xsIN decreases because the conformational entropy cost
of the smectic phase decreases. In the extreme case of a
rodcoil diblock bg/N = 1/2, our results are consistent with
those of Holyst and Schick.33

We now turn to the dependence of x on w, shown in
Figure 2a as the differences between the solid curve (w =
0), the dashed curve (w = 0.2), and the dotted curve (w =
0.75). We find that x,/N decreases as w increases. This
is expected, since as w increases, it aligns the stiff blocks
more effectively. The flexible blocks then prefer to demix
from stiffer blocks, in order to increase their conforma-
tional entropy. Note that for small bg, x; is quite
insensitive to w; this is because the difference in stiffness
is still small. Finally, for very large bg and sufficiently
large w, we find that the nematic phase actually precludes
the microphase. That is, the disordered phase is unstable
to the nematic phase rather than to a microphase for
sufficiently large bg. The value of x,N at the onset of the
nematic phase is shown in Figure 2a by a large solid symbol
(a circle for w = 0.2 and a square for w = 0.75) at the end
of the curve. At the symbol, the isotropic, microphase,
and nematic phases coexist, so the solid symbol represents
atriple point.3® Note that the triple point occurs at smaller
bp as w increases, as expected. We have not plotted x,
beyond the onset of the nematic phase, because the
instability to the nematic phase is governed solely by w
and is independent of x at the present level of ap-
proximation.

In the second set of calculations on series I, we fix the
Flory x parameter. In Figure 2b, we plot the spinodal
value wbg as a function of bg/N for xN = 0 (solid), xNV
= 9.0 (dashed), and xV = 10.0 (dotted). For w less than
the spinodal value w,, the system is disordered, and for w
greater than the spinodal value, the system is in a nematic
phase or microphase. For smaller bg/N, the three curves
in Figure 2b mark the instability of the disordered phase
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to the nematic phase, but for larger bg/N and nonzero x,
the curves represent the instability of the disordered phase
to a microphase. The triple points for xNV = 9.0 and xV
= 10.0 are marked by a large solid circle and square,
respectively. There is no triple point for YN = 0. The
nematic-microphase boundary is more evident in Figure
2¢, where we have plotted k*R, (where k* is the wave vector
describing the ordered phase at the transition from the
isotropic phase and R; = ((Naba®? + Npbg?)/6)!/% is the
radius of gyration) as a function of bg/N for xN = 8.5
(dot—-dashed), xN = 9.0 (dashed), and xN = 10.0 (dotted).
Note that the dashed and dotted curves in Figure 2¢
correspond to the same parameters as the dashed and
dotted curves in Figure 2b. For small bg/N, we find from
Figure 2¢ that k* = 0, consistent with the ordered phase
being nematic with no translational order. For large bp/
N, however, k* rises abruptly®® to a nonzero value,
indicating that the ordered phase is now a microphase.
From Figure 2¢, we see that the microphase preempts the
nematic phase at smaller bp as x increases. Thisis expected
since x favors phase separation.

The value of k* tells us how stretched the chains are in
the microphase. In Figure 2c, k*R; always lies below 27
in magnitude. This implies that the spacing between
lamellae is larger than R;. The value of k*R; predicted
by Leibler at the isotropic-smectic transition in the
symmetric (bs = bg, f = 0.5) case is k*R; = 1.95. We find
k*R, > 1.95 when bp > b, indicating that the chains are
less stretched. Thisis consistent with experimental results
of Bates and co-workers.!® Note also that as x increases
at fixed bp, the magnitude of k*R, at the smectic spinodal
decreases. This is reasonable, since the chains prefer to
segregate more as x increases.

We find that the phase behavior of the extreme case
where N = 1 (rodcoil diblock) is somewhat different from
the case where Ng > 1, when the B block consists of two
or more rods. For example, we find that a slightly larger
x is required for the microphase to preempt the nematic
case for Ng = 1 than for Ng = 2. In general, as discussed
in the previous paragraph, the value of x needed to drive
the system into a microphase increases as the stiffness
decreases, so the rodcoil case violates the trend.

We have chosen the combination wbg in Figure 2b
because we expect w, ~ 1/bg when by < bgand x =0.1In
general, we expect wy ~ 1/(fba + (1 -~ Hbp). For fixed by
= 1, this gives the saturation of w,bp with large bg that is
shown in the solid curve. When the system is unstable to
a microphase (to the right of the solid symbol), we find
that webp decreases rapidly with bg. In other words, the
tendency to demix due to x is sufficiently strong that only
a weak or even negative value of w is required to drive the
system from the disordered phase into a microphase. Note
also that the magnitude of wsbp drops as x increases at
fixed bg. Thisisnotsurprising when the system is unstable
to microphase separation. It also occurs when the system
is unstable to the nematic phase (left of the solid symbol),
although the effect is subtle and not visible in Figure 2b.
This effect implies that a weaker anisotropic interaction
is required to drive the system from a disordered to a
nematic phase when there is a stronger tendency to phase
separate. This may be due to microphase fluctuations,
which concentrate the stiffer component in regions, making
it easier for the stiffer segments to align to form a nematic
phase.

The phase behavior implicit in Figure 2a,b is shown
explicitly in Figure 3a for a single stiffness bg = 50. (Again,
ba=1,f=0.5,and N = 200.) Here we have plotted wbp
as a function of x/w, the ratio of the isotropic to the
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Figure 3. Phase diagrams for series I (flexible—semiflexible
diblocks) for the same parameter values as in Figure 2. (a, Top)
wbg vs x/w for fixed bg = 50. The system is in the isotropic phase
(D) for low w and x, the nematic phase (N) for high w, and the
smectic phase (S) for high x. The triple point where the isotropic,
nematic, and smectic phases coexist is marked by a large dot.
The dashed line represents the instability of the isotropic phase
to the nematic phase that is precluded by the I-S transition. The
instability of the isotropic phase to the smectic phase that is
precluded by the I-N transition lies very close to the I-N
transition and is not shown here. The N-S transition cannot be
calculated with this free energy, so it is not shown here. (b,
Bottom) The interaction ratio wy/x; at the triple point vs bg/N.
For w/x above the curve, the isotropic phase is first unstable to
the nematic phase, and for w/x below the curve, the isotropic
phase is first unstable to the smectic phase.

[
-

anisotropic interaction strength. For small w and x (high
temperatures), the system is in the disordered, isotropic
phase, denoted by I. For large w and small x, the system
isin the nematic phase, N. Finally, for large x, the system
exhibits microphase separation, S. There is a triple point,
marked by a large dot, where the isotropic, microphase,
and nematic phases coexist. The dashed line in Figure 3a
shows the nematicspinodal preempted by the microphase.
There is a similar microphase spinodal preempted by the
nematic phase that is not shown here because it lies
extremely close to the isotropic-nematic transition line.
The nematic-microphase transition is not shown here
because it cannot be calculated within our quadratic
Landau theory.

The behavior of the triple point, shown as a large dot
in Figure 3a for the particular case of bg = 50, is shown
as a function of bg in Figure 3b. We have plotted the ratio
of anisotropic to isotropic interactions at the triple point,
wy/ x1, as a function of bg/ N, Abovethe curve, theisotropic
phase is first unstable to the nematic phase, and below the
curve, the isotropic phase is first unstable to a microphase.
According to Figure 3b, wy/x; decreases as the stiffness bg
increases. This is consistent with theintuition that weaker
relative anisotropic interactions should be required todrive
the system into a nematic phase as the B block stiffens.
It is evident from the figure that the strength of the w;
required for the system to be in the nematic phase is
unphysically large unless bg/N is nearly of order unity.
For reasonable values of wy/x; =~ 1, the nematic phase is
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Figure4. Phasediagrams for series I (semiflexible-semiflexible
diblocks) with N = 100, bg/bs = 2, and f = 0.5. (a, Top) The
spinodal value of xN vs bg/N for w = 0 (solid), w = 0.4 (dashed),
and w = 0.6667 (dotted). This figure for series II should be
compared to Figure 2a for series I. The onset of the nematic
phase is denoted by a large solid circle for w = 0.4 (dashed curve)
and by a solid square for w = 0.6667 (dotted curve). (b, Middle)
The spinodal value of wbg vs bp/N for xN = 0 (solid), x]NV = 9.25
(dashed), and xNV = 10.0 (dotted). Thecurves mark the isotropic—
nematic transition to the left of the solid circle (xN = 9.25) and
square (xN = 10.0) and the isotropic-smectic transition to the
right of the solid symbols. (c, Bottom) The interaction ratio
wy/x; at the triple point vs bg/N. As in Figure 3b, the isotropic
is first unstable to the nematic (smectic) phase for w/x above
(below) the curve.

preempted by a microphase unless the B block is nearly
a rigid rod.

B. SeriesII: Semiflexible-Semiflexible Diblocks.
In the second set of diblocks, we focus on the effect of
stiffening the diblock as a whole. First we fix N and f =
0.5 and increase by and bg in tandem, holding b, = bg. In
this special case, we find that the composition and
orientational order parameters decouple. Thisisexpected,
since fluctuations in composition donot affect local average
stiffness and fluctuations in orientation do not affect local
average composition. When the two order parameters
decouple, the spinodal value of x, is independent of w. For
flexible chains (s = bg = 1), we find x./N = 10.5, in
agreement with Leibler. As b4 and bp are increased, x N
drops monotonically, eventually reaching x .V = 8.3 in the
extreme case where each block is a rigid rod (by = bg =
N/2). Weinterpret the decrease of xs with increasing chain
rigidity to be due to the decrease in the conformational
entropy cost of creating the smectic phase.

The results are more dramatic when we fix the stiffness
ratio of the blocks to bg/bs = 2. As before, we have also
fixed N and f = 0.5. Thus, we begin with b, = 1 and b
= 2 and increase both b, and bg until bg = N/2. In Figure
4a, we have plotted the spinodal value of x,N as a function
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of bg/N for w = 0 (solid), w = 0.4 (dashed), and w = 0.6667
(dotted). Figure 4ashould be compared to Figure 2a, where
the same quantities have been shown for series I (flexible-
semiflexible diblocks) instead of series II (semiflexible-
semiflexible diblocks). The spinodal value of x.N de-
creases monotonically (the two blocks become less miscible)
as bp/N increases, but as in Figure 2a, the change in x,N
with stiffness is numerically quite small. Again, we believe
that x; decreases as bg increases because the conforma-
tional entropy penalty of the smectic phase decreases as
the chains stiffen. Finally, the variation of x,N with w is
shown in the three curves of Figure 4a. As w increases,
xsIN decreases slightly, asin series I. For sufficiently large
bg at fixed w > 0, the microphase is preempted by the
nematic phase. The onset of the nematic phase is marked
by alarge solid circle for w = 0.4 and square for w = 0.6667;
asin Figure 2a, the onset moves to smaller bg as w increases.

Our results in Figure 4a can be compared to the
predictions of Vavasour and Whitmore,?® who used self-
consistent mean field theory to study the phase behavior
of chains with by # bp. Their approach is valid for Ny
>>1and Ng>> 1. Theyfind that the phase diagram should
depend on the quantity ¢ = bg?/b,2, in addition to xN and
f, as originally predicted by Leibler. This additional
dependence of the phase diagram on the ratio of the two
statistical segment lengths was first suggested by Almdal
and co-workers on the basis of their experimental results.!’
In Figure 4a, ¢ and f are fixed, so their results predict that
xslV should be independent of bg. We do indeed find that
xs!V is independent of bg for sufficiently small bg/N. Their
prediction breaks down for bg/N 2 0.005, or equivalently,
for Ny S 100.

In Figure 4b, we have plotted the spinodal value of w,bg
as a function of bg/N for series IT with bg/bs = 2. We have
fixed xIN = 0 (solid), xN = 9.25 (dashed), and xN = 10.0
(dotted). Figure 4b for series II should be compared to
Figure 2b for series I. In sharp contrast to Figure 2b, we
see that w,bp is independent of bg for x = 0. When the
chain is stiffened as a whole, the Maier-Saupe parameter
scales inversely with bg. This scaling is similar to the
inverse scaling of x; with N. The latter scaling implies
that the translational entropy decreases inversely with
the chain length N, while the former scaling implies that
the orientational entropy decreases inversely with the
persistence length bg.

The effect of increasing x in Figure 4b is similar to Figure
2b. As x increases, the magnitude of w required to drive
the system into a nematic or microphase decreases. The
triple point is marked by a large solid circle for xN = 9.25
and square for xN = 10.0. When the system is unstable
to a microphase (right of the solid symbol), w decreases
rapidly with large bg and can go negative, as in series 1.

The phase diagram for fixed b4 and bg is qualitatively
the same as Figure 3a, so it is not shown here. In Figure
4c¢, we plot the triple point interaction ratio wy/x: vs bg/N.
In this case, the behavior is particularly simple: wy/x¢scales
inversely with bg, so it appears as a straight line on a log-
log plot. As in Figure 3b, however, it is clear that for
physical values of wy/x:, the nematic phase will be
precluded by a microphase unless the two blocks are nearly
rigid. This is consistent with the conclusions of a recent
fluctuation analysis of symmetric flexible diblocks by
Morse and Milner.#3

C. Series II1: Rod-Semiflexible Diblocks. In the
third series of diblocks, we hold the A block fixed as a
singlerod: ba = N/2. Again, we hold f = 0.5 and N fixed.
We vary the B block from a flexible coil to a rod, so the
diblock varies from a rodcoil copolymer to two rods
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Figure 5. Phase diagrams for series III (rod-semiflexible
diblocks) with N = 20000, b, = 10000, and Ny = 1. The B block
varies from bg = 1 to bg = 10000 with Ng = 10000/bs. (a, Top)
The spinodal value of xN vs bg/N for w = 0 (solid), w = 8.0 X
10 (dashed), and w = 8.8 X 10~ (dotted). As in Figures 2a and
4a, the triple point is marked by a large circle for the dashed
curve and square for the dotted curve. (b, Middle) The spinodal
value of wbg vs bp/N for xN = 0 (solid), xN = 9.0 (dashed), and
xN = 9.04 (dotted). The triple point is marked by a large solid
circle (square) for the dashed (dotted) curve. (c, Bottom) The
ratio wy/x; at the triple point vs bg/N. This should be compared
to Figures 3b and 4c for series I and II.

connected by a free joint.

Figure 5a shows the spinodal value of X,V as a function
of bp/N and should be compared to Figure 2a and 4a. In
this case, we have fixed w = 0 (solid), w = 8.0 X 10~
(dashed), and w = 8.8 X 10~ (dotted). As before, x;N
decreases as bg increases. The trend with increasing w is
rather different, however. InFigures 2a and 4a, increasing
w has little effect until bg/N is fairly large. In Figure 5a,
on the other hand, w has a significant effect at small bg.
We believe this is because w has more effect when the
difference in stiffness is larger. The nematic fluctuations
that enhance phase separation are stronger when the
difference in stiffness is larger. As in Figures 2a and 4a,
the onset of the nematic phase (denoted by a large solid
circle for w = 8.0 X 10~ and square for w = 8.8 X 104
moves to lower bg as w increases. In the extreme limit
where bp is small, our results agree with those of Holyst
and Schick.33

In Figure 5b, we display the spinodal value of wsbg vs
br/N for xN = 0 (solid), xN = 9.0 (dashed), and xN = 9.04
(dotted). In this case, where there is a large difference in
stiffness in the two blocks, w.bg is not constant. This is
similar to Figure 2b and should be contrasted with Figure
4b. Again, the onset of the microphase is marked by large
solid circle for xN = 9.0 and square for xN = 9.04.
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Figure 6. Composition phase diagrams for series IV (flexible~
semiflexible diblocks) with N = 200, b, = 1, and bg = 20. The
volume fraction f is varied by changing N, and Ng. (a, Top) xN
vs f for fixed w/x = 3.2. The triple point is denoted by a large
dot. Transitions from the isotropic phase are shown as solid
lines; the smectic spinodal preempted by the nematic phase is
depicted as a dashed line. (b, Middle) xN vs f for fizxed w/x =
11.4. The triple points are marked by large dots. Note that the
nematic phase appears at large f also. This is because the ratio
w/x is fixed and the spinodal x diverges when f approaches unity;
seetext. (¢, Bottom) Triple point ratio wy/x.vs f. For w/x above
(below) the curve, the isotropic phase is first unstable to the
nematic (smectic) phase. Note that for sufficiently large w/x,
the isotropic phase is first unstable to the nematic phase for all
f.

Finally, in Figure 5¢, we show the behavior of the triple
point ratio wy/x; as a function of bg/N. In this series,
where the A block is always a rigid rod, the ratio wy/xt
remains nearly constant until the B block is also fairly
rigid. Moreover, the magnitude of wy/x; lies inthe physical
range for all bg. This implies that the A block is primarily
responsible for nematic order, until the B block becomes
rigid enough to contribute.

D. Series IV: Composition Dependence of Flex-
ible-Semiflexible Diblocks. In the last two series of
diblocks, series IV and V, we explore the phase behavior
as a function of volume fraction f. In series IV, we hold
ba =1, bg = 20, and N = 200 fixed and vary f = Naba/N
by adjusting N and Ng. The resulting phase diagrams
of xN vs f are shown in Figures 6a and 6b for w/x = 3.2
and w/x = 11.4,respectively. These phase diagramsshould
be compared to Figure 8 of Leibler’s paper!? for symmetric
flexible diblocks and to Figure 1 of Holyst and Schick’s
paper3? for rodcoil diblocks. Qur system lies somewhere
between these two extremes, but its phase diagrams are
qualitatively identical to those of rodcoil diblocks.33 The
solid lines in Figures 6a and 6b denote phase boundaries
between the isotropic phase and a microphase or nematic
phase. The dashed lines represent the instability of the
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isotropic phase to microphase separation, preempted by
the isotropic-nematic boundary. The true nematic-
microphase boundary may lie near the dashed lines. The
triple point is marked by a large dot. Note that our
approximation of the spinodal as the phase boundary
breaks down for f far from f = 0.5. In the case by = bg <
N studied by Leibler,!® the spinodal is a fairly close
approximation to the actual phase boundary between the
microphases and the isotropic phase, but the discrepancy
between the spinodal and the phase boundary may be
greater when by # bp.

According to Figure 6b, the nematic phase preempts
the microphase at large f as well as small /. This is
surprising, since one would expect it to be harder to form
a nematic phase when the volume fraction of the flexible
component is high. In a phase diagram as a function of
temperature rather than x, we believe that the nematic
phase at high f would not be present. It occurs in Figure
6b because we have fixed the ratio w/x. Although the
interaction strength w, required to drive the system into
the nematic phase increases with f, the strength of x
needed to obtain a microphase also increases as f ap-
proaches unity. From Leibler’s calculations, we find that
the microphase spinodal x; diverges as 1/(1 - )2 near f =
1. We expect the nematic spinodal ws, on the other hand,
to obey* ws ~ 1/(fba + (1-Hbg). Forfizxed w/x, therefore,
we find that the microphase requires such a large x; for
large f that it is preempted by the nematic phase.

We now turn to a detailed examination of Figures 6a
and 6b. In the flexible case studied by Leibler, the
minimum of the isotropic-microphase boundary occurs
atf=0.5, due to his assumed equality of statistical segment
lengths. In the asymmetric case of series IV or rodcoil
diblocks, however, the minimum is shifted to f < 0.5, toward
a higher volume fraction of the stiffer component B. This
is consistent with the notion of spontaneous curvature in
the microphase. As discussed for Figure 2a for f = 0.5,
there is a spontaneous curvature favoring the stiffer
component on the inside, because the elastic cost of
stretching chainsis lower for stiffer chains. Asthe volume
fraction of the stiff component increases, or f decreases,
this counteracts the stiffness ratio, decreasing the spon-
taneous curvature. Theshift inthe phase boundary follows
the vanishing of the spontaneous curvature. This trend
is consistent with calculations of Milner*! in the WSL as
well as trends in the lamellar—cylinder and cylinder-sphere
transitions predicted by Ouimet and Fredrickson*? in the
SSL.

By comparing Figures 6a and 6b, we observe that the
system becomes less miscible as w is increased. A smaller
x is required for microphase separation to occur. As in
Figures 2a, 4a, and 5a, we attribute this to nematic
fluctuations that orient the stiffer component and expel
the more flexible component. In addition, we see growth
of the nematic phase with w. For smaller w (Figure 6a),
the nematic phase precludes the microphase only for large
volume fractions of the stiffer component (small /). As
the anisotropic interaction strength increases, however
(Figure 6b), the nematic phase preempts microphase
separation over a larger range of /. The triple point shifts
to lower xN and larger f, as expected.

Finally, Figure 6¢ shows the triple point ratio wy/xy as
a function of f for series IV. For f < 0.6, wy/x increases.
This is expected, because the strength of w needed to obtain
a nematic phase should increase as the volume fraction of
the flexible component increases. For f Z 0.6, however,
the ratio decreases. This is consistent with Figure 6a,
where we see that the nematic phase preempts the
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Figure 7. Composition phase diagrams for series V (rod-rod
diblocks) with N = 1000, N, = 1,and Ng = 1. The volume fraction
fis adjusted by varying b, and bg. (a, Top) xN vs f for fixed w/x
= 1.0. As in Figure 6, the triple points are marked by large dots
and preempted spinodals are shown as dashed lines. (b, Middle)
xN vs f for fixed w/x = 2.5. At this ratio, the isotropic phase is
first unstable to the nematic phase at all £, so there is no triple
point. (¢, Bottom) Triple point ratio wy/x.vs f. As in Figure 6c,
the system is first unstable to the smectic phase only for small
w/x and f not too close to zero or one; see text.

microphase for large f. As discussed for Figure 6a, the
ratio wy/x; decreases because x; diverges in the limit f —
1 while w; approaches a constant value.

E. Series V: Composition Dependence of Rod-Rod
Diblocks. In this last series of diblocks, we fix N, N =
1 and Ng = 1. Thus, the diblock always consists of two
rods, one of species A and one of species B. The volume
fraction f is varied by changing the rod lengths b4 and bg.
The phase diagrams shown in Figures 7a and 7b are
symmetric around f = 0.5, due to symmetry in stiffness.
We have fixed the interaction strength ratio w/x to be w/x
= 1,0 and w/x = 2.5 in Figures 7a and 7b, respectively.

In Figure 7a, the minimum of the isotropic-microphase
boundary occurs at x,N = 8.3, which is significantly lower
than the Leibler value of xNV = 10.5. For this physically
reasonable value of w/x = 1.0, large regions of the phase
diagram are nematic, because the two blocks are rigid.
The isotropic—nematic boundary moves to lower x N as
the volume fraction is varied away from f = 0.5. The value
of w required to drive the system into a nematic phase is
roughly w; ~ 1/b, which is twice as large at f = 0.5 as at
f=0andf=1. Since the ratio w/x is fixed, the spinodal
value of x; is also twice as large at f = 0.5 as at f = 0 and
f = 1. For the stronger, but still physical, ratio of w/x =
2.5, the phase diagram in Figure 7b is quite different.
Microphase separation is now always precluded by the
nematic phase. The microphase spinodal is the dashed
curve. Note that the isotropic-nematic phase boundary
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bows upward toward the microphase spinodal, as in Figure
7a. The spinodal value at f = 0.5 (xV = 4.0) is again twice
as large as the valueat f =0 and f = 1 (xN = 2.0).

In Figure 7c, we have plotted the triple point ratio wy/x¢
as a function of composition. This ratio vanishes at f =
0 and f = 1 because the value of x; needed to obtain a
microphase diverges in those limits, as discussed in
subsection D. In addition, the value of w; ~ 1/(fba + (1
- Hbp) = 1/N(f? + (1 - )2 required to achieve a nematic
phase also decreases as f moves away from f = 0.5. This
is because the strength of the anisotropic interaction at
the spinodal is dominated by the length of the longer rod,
which increases as f moves away from f = 0.5. Note that
no triple point exists beyond roughly wiy/x; = 1.2, in
agreement with Figure 7b.

Finally, we note that the isotropic-nematic transition
should be relatively insensitive to the connectivity between
the two blocks. Thus, the isotropic-nematic transition
should be roughly the same for rod-rod diblocks as for
rod-rod mixtures. Rod-rod mixtures have been studied
by Holyst and Schick,3¢ and, indeed, Figure 7b is very
similar to their Figure 5.

V. Discussion

The coupling between the composition and orientational
order parameters gives rise to strong fluctuation effects
in diblock copolymers when there is a difference in the
stiffnesses of the two blocks. For example, nematic
fluctuations enhanced by a large anisotropic interaction,
tend to align stiff segments. Since flexible blocks lose
conformational entropy when they align, the flexible
component prefers to demix from the oriented stiff-rich
regions, promoting the early onset of microphase separa-
tion. A similar mechanism has been demonstrated in
semiflexible homopolymer blends.23 Conversely, mi-
crophase fluctuations enhanced by a large isotropic
interaction tend to concentrate stiff segments. These
segments then each feel an enhanced nematic potential,
leading to early onset of the nematic phase. These
fluctuation effects are stronger when the stiffness differ-
ence is large.

There are other ways in which chain stiffness affects
phase behavior in diblocks. For example, differences in
stiffnesses can give rise to spontaneous curvature in the
smectic phase. In addition, there is a conformational
entropy cost in forming the smectic phase, since chains
tend to be stretched in the direction of translational order.
There is a smaller entropy cost for stretching stiff chains
then flexible ones, so the smectic phase is more favorable
for stiff chains. By the same token, it costs less entropy
to align stiff chains than flexible ones, so the smectic phase
is more favorable for stiff chains. If the blocks are
sufficiently stiff, and anisotropic interactions sufficiently
strong, then the isotropic-nematic transition can preclude
the isotropic-smectic transition.

In this study, we carried the Landau-Ginzburg expan-
sion of the free energy to quadratic order only. Given the
difficulty of carrying out the Legendre transformation at
this order (see Appendix B), it seems prohibitively time-
consuming to extend the expansion to higher order.
Unfortunately, our second-order analysis is not sufficient
to distinguish the smectic phase from the wide variety of
ordered micellar phases predicted for semiflexible diblocks.
Moreover, our analysis cannot extend into the low-
temperature region, where the smectic C and bilayer
lamellae phases are predicted to exist. Nonetheless, the
weak segregation analysis presented here reveals interest-
ing trends with stiffness and stiffness difference that should
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aid experimental work in the rich area of semiflexible
copolymer thermodynamics.
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Appendix A: Calculation of Correlation
Functions

Here we provide a brief sketch of the calculation of
various noninteracting pair correlation functions needed
for the free energy functional. We shall only show the
derivation of G¥ A (k) = (k) SY ( k)) for a single chain
of freely jointeti° ngld rods, but other correlation functions
can be computed in an analogous way.

The correlation function G s, (k) is the Fourier
transform of the correlation function Gdf S, F-% =

NG S” (#)). In terms of the microscopic varlables the
correlatlon function can be written as

G s, 06) = Z f Z‘A/,:ds ds'(Q7(,) expl-ik-((F, +

n' =1}

agsit,) ~ (7, + ags'i,))]) (Al)

where

Qi@ = [uluir - 297] (A2

The angular brackets in eq Al denote thermodynamic
averages. In our case of freely jointed rods, the thermo-
dynamic average is taken by integrating over all possible
orientations of the rods on the chain,

We now separate the sums over n and n’ into a rod
contribution, where n = n/, describing correlations within
a single rod, and a flexible contribution, describing
correlations between different rods on the same chain:

Na A
G5 )= Gig+ Y Gl (A3)
n=1 n'#n
where
Gi,= N A/Z,ds ds’ (Q¥(&,) expl-ikay(s ~ $)a,]) (Ad)
and
Gl = [ ds ds' (Q(5,) expl-ik(F, - 7,)] X

expl-ikay (s, - si2,")]) (A5)

Note that @ is a linear combination of spherical harmonics
Yin of order [ = 2. We expand the exponential in eq A4
in spherical harmonics and use orthogonality of spherical
harmonics to obtain

Giy=-AU(R) B,(q,by) (A6)

where ¢ = ka is dimensionless and

8.(q,by) = [3Jo(qu) + cos(gb,) + gb, Si(gb,) ~ 4]

(A7)
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and

ARy = kik; - —a‘f (A8)

Ineq A7, jo(x) isthe zeroth-order spherical Bessel function
and Si(x) is the sine integral function.4

To calculate G, we note that

1 n-1
Fo-F = bA[—mn +an+ Y am] (A9)
2 m=n’+1
Moreover, since the rods are freely jointed, the integrals
over all possible orientations in the thermodynamic average
are independent for different rods. Thus, the ensemble
average of products over various rods can be replaced by
the product of angular averages.

Gl = [ ds ds’ X

~ba/2
n-1
[T ¢expi-ikagi,byl) (expl-ikagit, (by/2 + 9)1) X
m=n'+1

(Q"(a,) expl-ikayit, (by/2 - s)]) (A10)

Again, we expand the exponentials in spherical harmonics
and carry out the angular integrals. Our result is

G, = -AYR)Gy(gb)" " 1Bi(q,by) a(g,by) (ALD)

where
af(q,bA) = Si(qu)/q

Bi(a.by) = 5%[81<qu) ~3j,(gb)]  (Al2)

Finally, we substitute eqs A6 and A11 into eq A3 to obtain
the final result:

GgASA(k) = —AY(R)[NB,(q,by) +

R(N ,jo(abp))ae(g,by) Bi(q,b,)] (A13)

where

2[N—l y1 -y

] (Al4)
=y a-p?

N
h(Ny) =Yy "=

n'#n

The procedure for deriving other pair correlation
functions is a straightforward extension of the calculation
above. Here we only cite some of the results. We find

= (4(R) P(-R))
= N, (q,by) + R(Ny,0(gbp))af(g,b,)  (Al5)

Goasak)

where

2b, Si(gb,)

a,(g,b,) = - b, lp(gba/21*  (Al6)

Also,
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‘f"‘ (k) = (S(k) SH-ky)

Z[N,w("’(q by +

R(N io(aba)B4(,by) iV (q,b) 1D (k) (A17)

where Dﬁ{kl(k) are four fourth-rank tensors given by

DM = _;_wikajl + 5ty

DMy = _:1§6ijakl

DR (k) = i(kikkaﬂ + kR 5* + kR Y® + R0 -
Sk A + R R
D) = Rk - SRES + BESH  (A19

The coefficients v and v{" are
v = 6—qz[—8 + 5jy(gby) + 2i,(qb,) + 3 cos(gh,) +
3gb, Si(gb,)]

V@ = é—z[m = 9iy(qb,) + 6iy(gby) — 7 cos(gby) -
q
Tqb, Si(gby)]

O = ———2[16 = 13jo(gb) — 10j,(gb,) - 3 cos(gb,) -

3gb, Si k)
Y = 3y D 4 34D A ® (A19)
and
v =
v? =1/3
MO
WesP PP =1 @

Note that only three of the four coefficients of Dﬁ{hl(k) are
independent since the orientational density describes
uniaxial nematic order.

Appendix B: Legendre Transformation

The entropic part of the free energy, within the random
phase approximation, can be extracted from the nonin-
teracting correlation functions by performing a Legendre
transformation. We first introduce conjugate fields to the

order parameters. We define h,,(k), h4y(k), KSA(,‘), and

ﬁs},(k) conjugate to ¢a(k), ¢p(k), §A, and §B, respectively.
Next, the thermodynamic potential W is expanded to

- quadratic order in the conjugate fields. A more detailed

discussion of this step is provided in section ITI of Leibler’s
paper.l® For convenience, we now cast the order param-
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eters and conjugate fields in matrix form:

(k) = (¢A(k) )

$p(k)

Si
$ii(k) = ( S,,) (B1)

and

e (h¢A(k) ) B2

s h,, (k)

; hd )
hii(k) = h" o (B3)

Similarly, we write the correlation functions as 2 X 2
matrices;

G, k) Gy, (K)
¢ (k)=( oAt a8 ) (B4)
* Conoa®)  Gogg(h)
. (k) /5 (k)
¢V (k) = ¢ASA ¢A B ) B5
o< ( Giod Gioaw) B
ik (k) Gukl X ))
ukl SASA(
g (k) = ( i G (B6)
aftm o
We now construct larger vectors and matrices:

@U(k) = (q).(.k) )

§Y(k)

y h (k))

iy =1 "¢

h¥ (k) (hg(k) B7)

and

} g, (k) i (k))
ijkl . .23 S
F7 (ei’s<k>T 9 (k) ®8)

The entropic part of the thermodynamic potential can
then be written compactly as

1 .. .
W =-) h¥k)"e"*k).h"k B9
2; (k)99 (k)-h* (k) (B9)

Note that W should actually be written as an expansion
in powers of the conjugate fields; here, we have truncated
the expansion at quadratic order. In eq B9 and all
subsequent equations, summation over repeated indices
is implied.

Our aim is to find the entropic part of the Helmholtz
free energy # in terms of the order parameters:

F = Zh"f(k)*-\lr"f(k) - (B10)

We must first solve for the order parameters in terms of
the fields by using the equation of state:

W
5hij (k)T
We now assume that the Helmholtz free energy has the

Vik) =

(B11)
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form

T .. )
F = —ZWU(k)*-ﬂ”"’(k).\lr"‘(k) (B12)
25

where 7 (k) has the same form as §(k):

oo Ho o (B #i g (k) Hi g (k)
_|Hoo® Hope® ﬂ"s(k) #Y 5, (&)

Hos, ) Hols () ﬁ'f"' o) 7 ()
%Z’A 5, 7{’” s, () 7{‘”" (k) 7{‘1"’ (k)

(B13)

and solve for # (k) in terms of ¢(k) by inverting eq B11
and substituting into eq B9 to obtain

gklmn(k)_ﬂijkl(k).gopij(k)

Recall that the correlation functions have the form

= §P™(k) (B14)

9ls(k) = g,5(k) AY(R)
948 (k) = g§i(k) DI* (k) (B15)

We further assume that the vertex functions 7 (k) have
the same form:

#is(k) = H,g(k) AY(R)

#it (k) = HR(k) DI (k) (B16)
where gy5(k), g53(k), hys(k), and h§2(k) are all 2 X 2
matrices.

We now introduce a new matrix 7 (k):

1 0 0 0
" 01 0 0
0 0 0 D¥p)
and observe that
Tijmn(k)_gopii(k) = g™ (k) (B18)
We now substitute eq B18 into eq B14 to obtain
gklmn(k)_ﬂljkl(k) = "Tijmn(k) (B19)

This yields a set of equations for Hys(k), Hys(k), and

H{J(k) that we can solve.

In terms of the scalar orientational order parameters
defined in eq 2.6, the free energy in eq B10 can then be
written as

1 R 1 .
F= ;;P(k) (H,,(k) - x]1®(k) + g[cp(k) H,s(k)8 (k) +

1 .
S H, (k)" 3(k)] + gé’(k)*[HSS(k) -wlSk) (B20)

where the interaction matrices are

= [ Xaa XaB )
X (XAB XBB (B2D)
and
_[W%a Wap
w= (wAB Wy ) (B22)

In eq B20, we have introduced Hgs(k), which is a linear
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combination of the Hgo(k) matrices. In the case
where both directors A, and Ap are parallel to k

(smectic A phase), we find Hgs(k) = Hgk) +

(2/3)HE(k) + (2/3)H§l(k). The interested reader is

encouraged to contact us for the more general case.
The final results are

Hoy () = 8,00 + 22,0 2,00 207 g, ()"

(B23)
H ,s(k) = —g,, (k)" x(k) (B24)
and
Hgs(k) = g,5(k) ™ x(k) (B25)
where

200 = [ e300 + 22800 + Z800)g,s00 -
]
22,5107 g,,00 | B26)

Finally, we note that eq B20 can be written in the form
of eq 2.7 by applying the incompressibility condition36
$ak) = —og(k) (B27)

The coefficients A(k), Ba(k), etc. in eq 2.7 are given
explicitly by

A(k) = [H¢¢(k)]11 + [ng(k)]gg + [H¢¢(k)]12 -
[H,, (0], (B28)

By(k) = 2(H 0],

Bgk) = %[ffss(k)]w

BAB(k) = :rz);[HSS(k)]m (B29)
and
CA(k) = [Hd)s(k)]u - [H¢S(k)]21
CB(k) = [H¢S(k)]12 - [H¢S(k)]22 (B30)
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