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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 increasedstiffness of the diblock as a whole, 
on the order-disorder transition. Differences in flexibility 
affect miscibility in polymer blend+ as well as interfacial 
tensions5s6 and should therefore strongly influence mis- 
cibility in diblock copolymers. Moreover, if the diblock 
issufficiently stiff, liquid crystalline phases suchasnematic 
and smectic C phases might be observable in addition to 
the smectic 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 ~ t ab i l i t y .~ -~  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,lo Chien and co-workers,ll and Bake and Bates,12 
have synthesized flexibleJconjugated multiblock copoly- 
mers. Stowell and co-workers13 reviewed work up to 1988 
on block and graft copolymers containing polyacetylene. 
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More recently, Krouse and Schrock14and Saunders, Cohen, 
and Schrock15 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 Stupp16 
have synthesized such diblocks with polyisoprene as the 
flexible block and nitroazobenzene coupled to rigid 
biphenyldicarboxylic acid as the stiff block. Although they 
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-~orkers '~  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,2J8 they 
observe that the phase behavior is profoundly altered by 
the difference in statistical segment length. 

A decade ago, Leibler19 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 
Helfandm 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 been studied 
by several groups for flexible diblocks. Helfand and 
WassermanZ1 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. Semenov22 devel- 
oped an analytical technique for the xN - 03 limit, which 
was later extended by Milner, Witten, and C a t e ~ , ~ ~  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 KawasakiZ4 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 Whitmore25 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 Leibler35 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 a t  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 WarnerZ7 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.28 
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 a t  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 the length 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 
x), 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. HalperinZ9 and 
Semenov30 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 alignednormal to the layers, while in the smectic 
C phase, the chains are tilted by some angle relative to the 
layer normal. In the smectic A phase, the total interfacial 
area is lower but the lateral distance between coils is smaller 
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 Fredrickson3l 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 a t  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, i t  only applies to high molecular weight blocks. 
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The first study of the thermodynamics of rodcoildiblock 
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 Leiblerlg 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 coils34 or of polymers of arbitrary s t i f f n e ~ s . ~ ~ ~ ~  
Holyst and calculated the expansion coefficients 
of the Landau theory up to second 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 A  rigid rods of length 
bAao connected by free joints, while the other block is 
composed of N B  rigid rods of length bgao, where the 
monomer length a0 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. 

11. 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 
ao, diameter do = a0(4/?r) l /~,  and volume uo = ao3. The A 
block is composed of NA rigid rods connected by free joints; 
each rod contains bA segments. Similarly, the B block is 
composed of NB rods, each containing bB monomers. Thus, 
the persistence lengths of the blocks are bAao and bBao, 
the contour lengths of the blocks are NAbAao and NBbBao, 
and the contour length of the entire copolymer is Nao = 
NAbAao + NBbBao. We consider only incompressible 
melts36 of monodisperse semiflexible diblock copolymers, 
so the volume fraction of A is 

(2.1) 
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Figure 1. (a) Microscopic model of diblocks showing the A block 
(thin lines) composed of N A  rigid rods, each with bA monomers, 
and the B block (heavy lines) composed of N B  rigid rods of bB 
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 A  contiguous cylindrical segments, each 
of length ao. 

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 

where ‘pA and (w are the local volume fractions of A and 
B, respectively: 

NA 

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 ?n,m as the center-of-mass position and 
Gn,,,, as the tangent vector of rod n of chain m; thus, the 
position vector of segments on rod n of chain m is ?n,m + 
~ i i ~ , ~ .  Since the monomer segments are rigid, we constrain 
the length of the tangent vector to be unity for all segments. 
Note that the thermal average of (PA(?) is simply f in the 
disordered phase, so the thermal average Of $A(?) vanishes 
in the disordered phase. 

The second order parameter introduced for each species 
is the local nematic tensor order parameter. This describes 
orientational order. The nematic order parameters for 
species A and B are 

(2.4) 

Note that in the isotropic phase, the thermal averages of 
Piand 9: 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  interaction^.^^ We describe the 
isotropic interactions between segments A-A by xu, 
between B-B by XBB, and between A-B by xm. For an 
incompressible melt, we define a single effective interaction 
parameter x = xm - (xu + XBB)/2. Similarly, we define 
the anisotropic interactions WA, wg, and wm 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 = W A  = W B  = wm. This 
simplifies the analysis without qualitatively changing our 
general results. In principle, the parameter x can be varied 
throughzero; 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 wlx 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 , ~ O  so we anticipate that 
physical values of the ratio W I 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 I11 of Leibler’s paperlg and by Holyst 
and 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 a t  all wave vectors k (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 3 

where 4 is the thermal average $A (because of incom- 
pressibility, @A(k) = -4B(k)), and S A  and sB are the 
thermal averages of SA and S B, respectively. Note that 
since S i  and Si are irreducible second-rank tensors 
describing uniaxial nematic order, they must have the 
following form in reciprocal space: 

c, c, 

4% u 
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(2.6) 

where fiA(k) and fiB(k) are unit directors for species A and 
B. 

In reciprocal space, we obtain 

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 
fiA(k) and fiB(k). 

111. 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 bcc 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: 

where 2 = (@,SA,SB). 
For a given set of chain parameters, bA,  bg ,  NA, and Ng, 

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 ws as 
functions of the wave vector k can then be derived from 
eq 3.1. Finally, we find the minima of x s  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 a t  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 
also made another approximation. In general, the directors 
itA and fig defined in eq 2.6 may lie a t  arbitrary angles OA 
and OB relative to k. In the analyses presented in the 
following sections, however, we have made the simplifying 
assumption that OA = OB = 0 at  the minimum of x s  or ws 
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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, OA # 0 or dB # 0 corresponds to the smectic C phase. 
For f near 0.5, we expect, on the basis of arguments by 
Halperinm and Semenov,30 that the smectic A phase should 
preclude the smectic C phase at  the transition from the 
isotropic phase. At  compositions near f = 0 or f = 1, we 
expect ordered micellar phases to preempt the smectic C 
phase. We have performed the general analysis, minimiz- 
ing x, or wB with respect to k = lkl, OA, and OB, for some 
special cases and have always found that the minimum 
lies a t  OA = OB = 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 xs that satisfies eq 3.1 is the same 
equation that we obtain by first integrating the free energy 
over SA and SB and then taking the second derivative with 
respect to 4, 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 4. Therefore, 
by solving eq 3.1 for the spinodal value of w, we have 
included compositional, or microphase, fluctuations at  the 
Gaussian level. 

CI CI 

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. In particular, 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 fixed x ,  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 = NAbA + Ngbg is held fixed while NA, bA,  
Ng, or b g  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, Le., for N 2 10bg, for bg > bA,  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 f ,  defined 
in eq 2.1, is held fixed at  f = 0.5. We begin with b A  = 1, 
b g  = 1, NA = Nl2,  and Ng = Nl2. In this case, we fix N 
= 200. We then increase the persistence length b g  of the 
B block, keeping b A  = 1 fixed. Note that Ng must 
correspondingly decrease since f is fixed. Series I therefore 
consists of a family of diblocks where the A block is always 
a flexible coil and the B block ranges from a flexible coil 
to a rigid rod. Note that the smectic A phase is the stable 
microphase and the transition from the isotropic phase is 
most weakly first order a t  f = 0.5 for the symmetric limit 
b A  = bg = 1, so 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 xJV as a function of 
bBIN 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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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 x is required to drive 
the system from a disordered to a smectic phase. This is 
why xJV initially increases with bg/N in Figure 2a. It 
must be noted, however, that experiments by Bates and 
co-workers2 on the order-disorder transition in diblock 
copolymer melts show the opposite trend. They find that 
as bg 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 blend~.~O 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 xa 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 h* (in the 
direction of translational order). So as the 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 xJV increases in Figure 
2a due to spontaneous curvature effects, but for large bg/ 
b A, xJV 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 

We now turn to the dependence of x on w, shown in 
Figure 2a as the differences between the solid curve (w = 
01, the dashed curve (w = 0.21, and the dotted curve (w = 
0.75). We find that xp2v 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, xa is quite 
insensitive tow; 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 b g .  The value of xp2v 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 
a triple point.% Note that the triple point occurs at smaller 
bg as w increases, as expected. We have not plotted xs 
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 wsbg as a function of bgfN for xN = 0 (solid), xN 
= 9.0 (dashed), and xN = 10.0 (dotted). For w less than 
the spinodal value wa, 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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Figure 2. Phase diagrams for series I (flexible-semiflexible 
diblocks) with N = 200, bA = 1, and N A  = 100. The B block is 
varied from bB = 1 to bg = 100, with N B  = 1M/bB. (a, Top) The 
spinodal value of xN us b d 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 
WbB us bBIN for xN = 0 (solid), xN = 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*Rg of the ordered phase in units of 
the radius of gyration us bB/N for xN = 8.5 (dot-dashed), xN = 
9.0 (dashed), and xN = 10.0 (dotted). In the nematic phase, 
k*Rg = 0 and in the smectic phase, k*Rg > 0. Note that the onset 
of the smectic phase moves to smaller bB as x increases. 
= 1/N) to a rod (bg/N = 1/21, The spinodal value xs 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 bgfN << 1, x&V 
approaches 10.5, in agreement with the value predicted 
by Leibler for flexible dib10cks.l~ From Leibler's analysis, 
we also know that the microphase is a smectic A phase 
there. As b g  increases, xJV 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 xJV with stiffness is disappointingly small, 
although the trends are interesting. The initial increase 
of xJV implies that a t  f = 0.5, the blocks initially become 
more miscible as bg increases. This is 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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to the nematic phase, but for larger b d N  and nonzero x ,  
the curves represent the instability of the disordered phase 
to a microphase. The triple points for x N  = 9.0 and x N  
= 10.0 are marked by a large solid circle and square, 
respectively. There is no triple point for x N  = 0. The 
nematic-microphase boundary is more evident in Figure 
2c, where we have plotted k*Rg (where k* is the wavevector 
describing the ordered phase at  the transition from the 
isotropic phase and R ,  = ((NAbA2 + N B ~ B ~ ) / ~ ) ~ / ~  is the 
radius of gyration) as a function of bgIN for xN = 8.5 
(dot-dashed), x N  = 9.0 (dashed), and x N  = 10.0 (dotted). 
Note that the dashed and dotted curves in Figure 2c 
correspond to the same parameters as the dashed and 
dotted curves in Figure 2b. For small bg/N, we find from 
Figure 2c that k* = 0, consistent with the ordered phase 
being nematic with no translational order. For large bgl 
N ,  however, k* rises abruptly39 to a nonzero value, 
indicating that the ordered phase is now a microphase. 
From Figure 2c, we see that the microphase preempts the 
nematic phase at  smaller bg as x increases. This is expected 
since x favors phase separation. 

The value of k* tells us how stretched the chains are in 
the microphase. In Figure 2c, k*Rg always lies below 27r 
in magnitude. This implies that the spacing between 
lamellae is larger than R,. The value of k*RI predicted 
by Leibler at the isotropic-smectic transition in the 
symmetric (bA = bg, f = 0.5) case is k*R, = 1.95. We find 
k*R, > 1.95 when bg > bA, indicating that the chains are 
less stretched. This is consistent with experimental results 
of Bates and co-workers.l8 Note also that as x increases 
at fixed bg, the magnitude of k*Rg 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 g  = 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, - l / b g  when bA << bg and x = 0. In 
general, we expect w, - ll(fb.4 + (1 - f ) b g ) .  For fixed b~ 
= 1, this gives the saturation of WBbg 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 W,bg 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 Wsbg drops as x increases a t  
fixed bB. This is not surprising when the system is unstable 
to microphase separation. I t  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 wbg 
as a function of xlw, 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) 
wbe us XJW for fixed bg = 50. The system is in the isotropic phase 
(I) 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 wJxt at the triple point us bdN.  
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 
is in 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 nematic spinodal 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 bs in Figure 3b. We have plotted the ratio 
of anisotropic to isotropic interactions at  the triple point, 
wJxt,  as a function of bg/N. Above the curve, the isotropic 
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, wtjxt decreases as the stiffness bs 
increases. This is consistent with the intuition that weaker 
relative anisotropic interactions should be required to drive 
the system into a nematic phase as the B block stiffens. 
It is evident from the figure that the strength of the wt 
required for the system to be in the nematic phase is 
unphysically large unless bgIN is nearly of order unity. 
For reasonable values of wtjxt = 1, the nematic phase is 
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of bgINfor 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 I1 (semiflexible- 
semiflexible diblocks). The spinodal value of x f i  de- 
creases monotonically (the two blocks become less miscible) 
as bgIN increases, but as in Figure 2a, the change in x f i  
with stiffness is numerically quite small. Again, we believe 
that xs decreases as bg increases because the conforma- 
tional entropy penalty of the smectic phase decreases as 
the chains stiffen. Finally, the variation of x f i  with w is 
shown in the three curves of Figure 4a. As w increases, 
xJV decreases slightly, as in 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 a large solid circle for w = 0.4 and square for w = 0.6667; 
as in 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,25 who used self- 
consistent mean field theory to study the phase behavior 
of chains with b A  # bg. Their approach is valid for NA 
>> 1 and Ng >> 1. They find that the phase diagram should 
depend on the quantity t = bg2/bA2, 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.17 
In Figure 4a, t and f are fixed, so their results predict that 
xashould  be independent of bg. We do indeed find that 
x a i s  independent of bg for sufficiently small bgIN. Their 
prediction breaks down for bBIN k 0.005, or equivalently, 
for NB 5 100. 

In Figure 4b, we have plotted the spinodal value of wsbg 
as a function of bgINfor series 11 with bB/bA = 2. We have 
fixed xN = 0 (solid), xN = 9.25 (dashed), and xN = 10.0 
(dotted). Figure 4b for series I1 should be compared to 
Figure 2b for series I. In sharp contrast to Figure 2b, we 
see that W s b g  is independent of bB 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 xs 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 I. 

The phase diagram for fixed bA 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 wd;yt us bB/N.  
In this case, the behavior is particularly simple: wJxt 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 wt/Xt, the nematic phase will be 
precluded by a microphase unless the two blocksare nearly 
rigid. This is consistent with the conclusions of a recent 
fluctuation analysis of symmetric flexible diblocks by 
Morse and Milner.43 

C. Series 111: Rod-Semiflexible Diblocks. In the 
third series of diblocks, we hold the A block fixed as a 
single rod: b A  = 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 4. Phase diagrams for series I1 (semiflexible-semiflexible 
diblocks) with N = 100, bB/bh = 2, and f = 0.5. (a, Top) The 
spinodal value of xN us bB/N for w = 0 (solid), w = 0.4 (dashed), 
and w = 0.6667 (dotted). This figure for series I1 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 wbB us bB/N for xN = 0 (solid), xN = 9.25 
(dashed), and xN = 10.0 (dotted). Thecurvesmark the isotropic- 
nematic transition to the left of the solid circle ( x N  = 9.25) and 
square ( x N  = 10.0) and the isotropic-smectic transition to the 
right of the solid symbols. (c, Bottom) The interaction ratio 
wJxt  at the triple point us bB/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. Series 11: Semiflexible-Semiflexible Diblocks. 
In the second set of diblocks, we focus on the effect of 
stiffening the diblock as a whole. First we fix Nand  f = 
0.5 and increase bA and bg in tandem, holding b A  = bg. In 
this special case, we find that the composition and 
orientational order parameters decouple. This isexpected, 
since fluctuations in composition do not affect local average 
stiffness and fluctuations in orientation do not affect local 
average composition. When the two order parameters 
decouple, the spinodal value of xs is independent of w. For 
flexible chains (bA = bg = I), we find x,hT = 10.5, in 
agreement with Leibler. As b A  and bg are increased, x f i  
drops monotonically, eventually reaching xgnT = 8.3 in the 
extreme case where each block is a rigid rod ( b A  = bg = 
N/2). We interpret 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/bA = 2. As before, we have also 
fixed N and f = 0.5. Thus, we begin with bA = 1 and b g  
= 2 and increase both b A  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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Figure 5. Phase diagrams for series I11 (rod-semiflexible 
diblocks) with N = 2oo00, b~ = 1oo00, and N A  =: 1. The B block 
varies from b g  = 1 to b g  = loo00 with Ng = 10000/bg. (a, Top) 
The spinodal value of xN us bg/N for w = 0 (solid), w = 8.0 X 
10-4 (dashed), and w = 8.8 X lo4 (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 ~ b g  us bg/Nfor 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 wJxt at the triple point us bB/N. This should be compared 
to Figures 3b and 4c for series I and 11. 

connected by a free joint. 
Figure 5a shows the spinodal value of xJV as a function 

of bg/N and should be compared to Figure 2a and 4a. In 
this case, we have fixed w = 0 (solid), w = 8.0 X 10-4 
(dashed), and w = 8.8 X lo4 (dotted). As before, xJV 
decreases as bg increases. The trend with increasing w is 
rather different, however. In Figures 2aand 4a, increasing 
w has little effect until bg/N is fairly large. In Figure 5a, 
on the other hand, w has a significant effect a t  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 10-4 and square for w = 8.8 X 10-9 
moves to lower bg as w increases. In the extreme limit 
where bg is small, our results agree with those of Holyst 
and Schick.33 

In Figure 5b, we display the spinodal value of W,bg us 
bgINfor 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, WSbg 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 X N  = 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 A  = 1, and bg = 20. The 
volume fraction f is varied by changing N A  and Ng. (a, Top) xN 
us f for fixed wlx = 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 us f for fixed wlx = 
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 
wlx is fixed and the spinodal x diverges when f approaches unity; 
see text. (c, Bottom) Triple point ratio wJxt us f. For wlx above 
(below) the curve, the isotropic phase is fist 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 5c, we show the behavior of the triple 
point ratio wJxt as a function of bBIN. In this series, 
where the A block is always a rigid rod, the ratio wJXt 
remains nearly constant until the B block is also fairly 
rigid. Moreover, the magnitude of wJxytlies in the 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 A  and Ng. The resulting phase diagrams 
of xN us f a r e  shown in Figures 6a and 6b for wlx = 3.2 
and wlx = 11.4, respectively. These phase diagrams should 
be compared to Figure 8 of Leibler's paperlgfor symmetric 
flexible diblocks and to Figure 1 of Holyst and Schick's 
paper33 for rodcoil diblocks. Our 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 b A  = bg << 
N studied by Leibler,lg 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 b A  # bg. 

According to Figure 6b, the nematic phase preempts 
the microphase at large f as well as small f. 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 
t emperature  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 wlx.  Although the 
interaction strength ws required to drive the system into 
the nematic phase increases with f, the strength of x s  
needed to obtain a microphase also increases as f ap- 
proaches unity. From Leibler's calculations, we find that 
the microphase spinodal xs  diverges as 1/(1- fP near f = 
1. We expect the nematic spinodal ws, on the other hand, 
to obey4 ws - l / ( f b A  + (1 -f)bg). For fixed wlx,  therefore, 
we find that the microphase requires such a large xs  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 
at f = 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 chains is lower for stiffer chains. As the volume 
fraction of the stiff component increases, or f decreases, 
this counteracts the stiffness ratio, decreasing the spon- 
taneous curvature. The shift in the phase boundary follows 
the vanishing of the spontaneous curvature. This trend 
is consistent with calculations of Milner41 in the WSL as 
well as trends in the lamellar-cylinder and cylinder-sphere 
transitions predicted by Ouimet and F r e d r i c k s ~ n ~ ~  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 f) .  As 
the anisotropic interaction strength increases, however 
(Figure 6b), the nematic phase preempts microphase 
separation over a larger range off. The triple point shifts 
to lower xN and larger f, as expected. 

Finally, Figure 6c shows the triple point ratio wJxt as 
a function off for series IV. For f S 0.6, wJXt 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 2 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)withN= 1o00,N~ = 1,andNB = 1. Thevolumefraction 
f is adjusted by varying b A  and bg. (a, Top) xN us f for fixed wlx 
= 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 us f for fixed wlx = 2.5. At this ratio, the isotropic phase is 
first unstable to the nematic phase at all f, so there is no triple 
point. (c, Bottom) Triple point ratio wJxt us 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 wJXt decreases because X t  diverges in the limit f - 
1 while wt approaches a constant value. 

E. Series V: Composition Dependence of Rod-Rod 
Diblocks. In this last series of diblocks, we fix N, NA = 
1 and NB = 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 b A  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 wlx to be wlx 
= 1.0 and w / x  = 2.5 in Figures 7a and 7b, respectively. 

In Figure 7a, the minimum of the isotropic-microphase 
boundary occurs a t  x f i  = 8.3, which is significantly lower 
than the Leibler value of x N  = 10.5. For this physically 
reasonable value of wlx = 1.0, large regions of the phase 
diagram are nematic, because the two blocks are rigid. 
The isotropic-nematic boundary moves to lower x f i  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, - llb, which is twice as large at  f = 0.5 as at  
f = 0 and f = 1. Since the ratio w / x  is fixed, the spinodal 
value of xs  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 (xN = 4.0) is again twice 
as large as the value at  f = 0 and f = 1 (xN = 2.0). 

In Figure 7c, we have plotted the triple point ratio wJxt 
as a function of composition. This ratio vanishes a t  f = 
0 and f = 1 because the value of xt needed to obtain a 
microphase diverges in those limits, as I discussed in 
subsection D. In addition, the value of wt - l / ( f b ~  + (1 
- f ) b ~ )  = 1/N(f2 + (1 - n2) 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 wJxt = 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 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  blend^.^^^ 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” (k) (4A(k) Si( - k)) for a single chain 
of freely jointechhid rods, but other correlation functions 
can be computed in an analogous way. 

The correlation function GyAs,(k) is the Fourier 
transform of the correlation function GyAss,(i - 7 )  = 
( ~ A ( P )  Si(?‘)). In terms of the microscopic variables, the 
correlation function can be written as 

NO. DMR-9123048 (A.J.L.), by NSF-DMR-8906783 (C.S.), 

a,&,) - (in’ + ~~~’i i , ’ ) ) ] )  (Al) 

where 

The angular brackets in eq A1 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 

where 

and 

exp[-ikao.(sO, - s’ii,’)] ) (A5) 

Note that qj is a linear combination of spherical harmonics 
Yl,,, of order 1 = 2. We expand the exponential in eq A4 
in spherical harmonics and use orthogonality of spherical 
harmonics to obtain 
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and 
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In eq A7, jo(x) is the zeroth-order spherical Bessel function 
and Si(x) is the sine integral function.44 

To calculate Giex, we note that where D:k'(&) are four fourth-rank tensors given by 

+ fi,') + fi, ] (A9) 
n-l 

m=n'+l 

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. 

rI (exp[-ika0*fimb,l) (exp[-ika0.fin(b,/2 + s)]) x 
m=n'+l  

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

where 

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

and 

yf' = 113 
where 

Note that only three of the four coefficients of D!"(&) 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), h+,(k), hS,(k), and 
&@) conjugate to @A(k), @B(k), s,, and s,, 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 111 of Leibler's 
paper.lg For convenience, we now cast the order param- 

CI 

tt tt 

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 

where 

Also, 
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eters and conjugate fields in matrix form: 

and 

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

We now construct larger vectors and matrices: 

and 

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

1 
W = -Chij(k)t.Sijk'(k).hk'(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 9 in terms of the order parameters: 

(BIOI 

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

2 k  

3 = Fhij(k)'.qiJ(k) - W 

6W 
ah"( k) 

\kii(k) = - 

We now assume that the Helmholtz free energy has the 
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form 

where %(k) has the same form as S(k): 

(B13) 
and solve for %(k) in terms of B(k) by inverting eq B11 
and substituting into eq B9 to obtain 

gklmn(k).7fijkl(k).Sopij(k) = g w y k )  (B14) 

Recall that the correlation functions have the form 

S$k) = g,,(k) A"(&) 

S$i'(k) = g$!!(k) D?'(&) (B15) 

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

7f$(k) = H,,(k) A"(&) 

(B16) 

where g,s(k), ggd(k), h,s(k), and h$!d(k) are all 2 X 2 
matrices. 

7f$i'(k) = @((k) D, ijkl ( &) 

We now introduce a new matrix T(k):  

Lo 0 0 -  
and observe that 

TUmyk).goPij(k) = gopmn(k) (B18) 

We now substitute eq B18 into eq B14 to obtain 

gklmn(k).;Ftijkl(k) = g-ijmyk) (B19) 

This yields a set of equations for H,+(k), H,s(k), and 
@((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 

where the interaction matrices are 

XBB 
and 

In eq B20, we have introduced &s(k), which is a linear 
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combination of the Hgd(k) matrices. In the case 
where both directors RA and fig are parallel to k 
(smectic A phase), we find &s(k) = H$&k) + 
(2/3)H$"(k) + (2/3)Hg&k). The interested reader is 
encouraged to contact us for the more general case. 

The final results are 

Macromolecules, Vol. 27, No. 11, 1994 

(7) van Berkel, R. W. M.; de Graaf, S. A. F.; Huntjens, F. J.; 
Vrouenraets, C. M. F. Developments in Block Copolymers-1; 
Goodman, I., Ed.; Applied Science Publishers: New York, 1982; 
p 261. 

(8) Krigbaum, W. R.; Zhang, S.-F.; Preston, J.; Ciferri, A.; Conio, 
G. J.  Polym. Sci., Part B 1987,25, 1043. 

(9) Gottschalk, A.; Schmidt, H.-W. Liq. Cryst. 1980,5, 1619. 
(10) Enkelman, V.; Muller, W.; Wegner, G. Synth. Met. 1979/1980, 

(11) Chien, J. C. W.; Wnek, G. E.; Karasz, F. E.; Hirsch, J. A. 

(12) Baker, G. L.; Bates, F. S. Macromolecules 1984, 17, 2619. 
(13) Stowell, J. A.; Amass, A. J.; Beevers, M. S.; Farren, T. R. Polymer 

1989, 30, 195. 
(14) Krouse, S. A.; Schrock, R. R. Macromolecules 1988,21, 1885. 
(15) Saunders. R. S.: Cohen. R. E.: Schrock. R. R. Macromolecules 

1, 185. 

Macromolecules 1981,14, 479. 

and 

where 

Finally, we note that eq B20 can be written in the form 
of eq 2.7 by applying the incompressibility condition36 
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