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ABSTRACT: Using self-consistent mean field theory, we have investigated the effects of conformational
asymmetry on the phase diagram of diblock copolymers, considering spherical, cylindrical and lamellar
microphases. This asymmetry, which reflects the mismatch of the pure component densities and Kuhn
statistical lengths for the two blocks, is characterized by a single additional parameter. We calculated one
phase diagram for systems with asymmetry corresponding approximately to copolymers such as PS-5-PI or
PS-5-PBD, and a second one for a system with high asymmetry. In addition to shifting the microphase
boundaries, it opens up direct windows from the disordered phase to the lamellar and cylindrical phases on

one side of the phase diagram.

1. Introduction

In broad terms, the microphase behavior of A-b-B
diblock copolymers is now generally understood. They
can undergo an order—disorder transition, frequently
referred to as the microphase separation transition (MST),
as well as a number of order—order transitions. Four
ordered microphases are well-known, which consist of
alternating layers which we denote L, cylinders on a
hexagonal lattice, C, spheres on a body centered cubic
lattice, S, and a bicontinuous “double diamond” structure,
OBDD.}? In addition, there is now considerable evidence
of other structures near the order-disorder transition.34

The full specification of such a system of monodisperse
copolymers requires at least seven independent quantities,
which we can identify as the copolymer degree of polym-
erization Z, the volume fraction of either diblock, f4 or fg
= 1-fa, the two Kuhn statistical lengths ba and bp, the
pure component densities pos and pop, and the Flory x
parameter (defined with respect to a reference density
po). In addition, one could introduce the range of the
interactions, but this appears to have little effect on the
microphase diagram®® and is frequently taken to be zero.

In the strong segregation regime, i.e., far from the MST,
the equilibrium phases are believed to depend on only one
of these seven quantities, the volume fraction of one of the
blocks. A verywidely studied system is PS-b-PI, for which
the microphase boundaries have been summarized in detail
by Bates and co-workers. Until very recently, it was
believed that the S, C, OBDD, and L structures were all
stable in the strong segregation regime,” but he and co-
workers have recently suggested that, in strong segregation,
the OBDD is only metastable.? Expressed in terms of the
PS block, the stable phases are considered to be S for fpg
$0.17, C for 0.17 < fps 5 0.30, L for 0.30 S fps < 0.64,C
for 0.64 < fps < 0.77, and S for fps 2 0.77. The OBDD
appears as a relatively narrow band near fps ~ 0.64 and
perhaps near fps =~ 0.30. It should be noted that none of
these boundaries are symmetric about fpg = 0.5.

The behavior in weak segregation appears to be more
complicated, with other phases, including the OBDD,
becoming stable near the order—disorder transition. Fur-
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thermore, the equilibrium phase depends on both volume
fraction and temperature: for certain volume fractions,
the equilibrium phase changes with temperature.>* Asin
strong segregation, the phase behavior is asymmetric in
frs.

Our understanding of these systems is based on a variety
of theoretical treatments. A common prediction of them
all, however, is that the equilibrium microphase is deter-
mined primarily by only two quantities. In particular, for
the special case pos = pop and ba = bg, mean field theory
predicts that the equilibrium phase depends exclusively
on xZ and f4, and the behavior can be expressed in terms
of a simple phase diagram such as Figure 1 of this paper.

One of the earliest calculations of the microphase
diagram of block copolymers was the self-consistent field
treatment of Helfand and Wasserman.? Their approach
was similar to that used in the current paper, but also
used the narrow interphase approximation (NIA), and so
is restricted in applicability to the strong segregation
regime. They used Kuhn lengths and pure component
densities for PS-6-PBD and found order—order phase
boundaries which were nearly independent of x. Specif-
ically, they obtained four phase boundaries corresponding
to the sequence S < C < L < C < § occurring at PS
weight fractions of about 0.1, 0.3, 0.65, and 0.85, respec-
tively, which can be compared with the experimental values
of 0.17, 0.30, 0.64, and 0.77 for PS-b-PI quoted above. In
particular, the asymmetry in the experimental and the-
oretical resultsissimilar: the phase boundaries are shifted
toward lower PS content.

The earliest treatment of the weak segregation regime
was by Leibler, who considered idealized systems with poa
= pog and by = bp.1% He developed an RPA theory based
on a fourth order expression for the free energy and an
assumed cosine-like order parameter. He predicted that
the MST occurs at a value of xZ which depends on f4 and
that all the order-order phase boundaries curve in the
vicinity of the MST, merging with each other and with the
MST at the point xZ = 10.5, fa = 0.5. For all copolymers
with fa = 0.5, then as a function of increasing xZ the first
equilibrium microphase consisted of spheres, Represent-
ing the disordered, or homogeneous, phase by H, we denote
this transition by H <= S. This would be followed by
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Figure 1. Calculated phase diagrams for copolymers with pure
component densities and Kuhn statistical lengths chosen so ¢ =
(oorbB?)/ (poaba?) = 0.6. To the extent that the dilution approx-
imation applies, it would also correspond to a copolymer/neutral
solvent blend with xrc replaced with x.qr..

transitions to cylinders and then to lamellae. Such a
sequence of phases is qualitatively consistent with the
observations of Almdal et al.? on PEP-b-PEE with volume
fraction fpep = 0.65, as well as the more recently reported
results. However, the observed structures were more
complicated than those treated theoretically and, perhaps
more importantly, this sequence H <+ S < C < L was
predicted to occur for any fa # 0.5. This means that there
would be no direct “windows” from the disordered phase
directly to the lamellar or cylindrical phases, except for
the special case fo = 0.5.

Fredrickson and Helfand!! and Mayes and Olvera de la
Cruz!?-14 extended the theory of Leibler, incorporating
fluctuation effects. They found that Z enters as an
additional independent variable controlling the mi-
crophase behavior. For finite Z, small H «+» C and H <
L windows developed. However, as these windows ap-
peared, the S region on the phase diagram, already very
small in the Leibler theory, diminished and in fact
disappeared for Z < 104

All of the theories discussed above assumed the systems
tobe incompressible and all those for the weak segregation
regime are for the idealized case poas = por and/or by = bg.
Tang, Freed, and Dudowicz have presented a theory of
copolymers in the weak segregation regime, treating
compressible systems, and ones in which pos # pop and/or
ba #~ bp. Theirfocus was onscattering from the disordered
phase and on the order—disorder transition, but not on
competing, ordered phases.

We recently calculated the microphase diagram using
self-consistent field theory, also for the idealized systems
with pos = pop and by = bp, but without the narrow
interphase approximation or the truncation of the free
energy to fourth order.5 This method reduces to that of
Helfand and Wasserman in the limit of strong segregation
and to that of Leibler in weak segregation and near f4 ~
0.5, thus providing a unified mean field treatment of the
entire phase diagram. For xZ 2 70, we found order—order
phase boundaries which were almost independent of x.Z,
approaching limiting values of about fo =~ 0.15 and 0.33
for the S <> C and C <> L transitions, respectively. (Inthis
system the phase boundaries are symmetric about fa =
0.5.) These limits agree very well with those predicted for
these idealized systems by the NIA, which we calculated
using the program published by Helfand and Wasserman.®
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For progressively smaller values of xZ, all the phase
boundaries curved and eventually merged at xZ = 10.5,
fa = 0.5, as in the Leibler theory. Again, there were no
direct H <> C or H +» L windows except at the single point
fa = 0.5. However, the phase boundaries reduced quan-
titatively to Leibler’s only in the range 0.45 < fa < 0.55.
Beyond there, the S <> C and C < L boundaries turned
upward more quickly. In fact, the S and C regions of the
phase diagram were considerably larger and the L region
correspondingly smaller than those predicted by any
previous theories for the weak segregation regime.

The dependence of the equilibrium phase on f4 has its
obvious roots in the dissimilarity of the two blocks.
However, there is another measure of this dissimilarity,
which can be expressed in terms of the conformational
asymmetry and refers to the possible mismatch between
the volume fractions of the two blocks constituting each
copolymer and their unperturbed radii of gyration. For
example, even for a copolymer with f4 = fg = 0.5, the
unperturbed radii of gyration would, in general, differ due
to unequal Kuhn lengths and/or monomer volumes. Ina
layered structure, the two subdomains would have equal
thicknesses, but the deformations of the blocks from their
corresponding unperturbed dimensions would differ.
Mathematically, the two volume fractions satisfy

V4
LA - APoB 1.1
fs Zppoa
whereas the unperturbed radii of gyration satisfy
Rag’ _ Zaby’ 12
RB,gz Zgby’

These two ratios need not be equal, which is what we mean
by conformational asymmetry. The effects of this asym-
metry are the subject of investigation in this paper.

Included in our recent work on the self-consistent field
treatment of copolymers was the demonstration that, as
long as the unit cell of each competing sructure can be
described in terms of one lattice parameter, then within
mean field theory the effects of conformational asymmetry
can be included with just one extra quantity.é It can be
taken to be the ratio of the two characteristics defined by

eqs 1.1 and 1.2:
-()/(2)
fB RBy82

= (PoBbBZ)/ (POAbAZ) (L.3)

This ratio characterizes the conformational asymmetry
of a system, in terms of the densities and Kuhn lengths
of the two components. For any real system, its value can
be chosen to be either less than or greater than one through
the identification of the A and B blocks. Note that
conformational asymmetry can arise from differences in
either the densities or the Kuhn lengths, or both. Con-
versely, even if the two blocks have unequal densities and
Kuhn lengths, the copolymer could, in principle, be
conformationally symmetricif the product pob? is the same
for both blocks. '

This or similar ratios have been previously recognized
as important. It was identified as a characteristic deter-
mining the scattering from disordered copolymers.!’
Furthermore, ¢ is similar to the asymmetry parameter
introduced by Almdal et al.,? which is the ratio of effective
statistical lengths calculated by assuming equal monomer
densities. With a suitable definition of the monomer
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Table I. Typical Values of Polymer Characteristics
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Table II. Asymmetry Ratios, ¢ = ponbp2/poaba2, Calculated
Using the Polymer Characteristics Listed in Table I*

densities, Kuhn lengths,

po (nm3) b (nm) pob? (nm-1) copolymer asymmetry ratio, ¢
PS 6.080¢ 5.6/ 0.68¢-9&» 0,70/ 2.8¢4 2.7/ PS-b-P1 1.208 1.00¢ 1.344
PI 8.20.0d 0.63¢ 0.59¢ 0.679¢ 3.38 2.9¢ 3.7¢ PS-b-PBD 1.494 1.044 1.6/
PBD 9.9%4¢ 10.4/ 0.63¢ 0.53¢ 0.65/8 3.9¢ 2.8 4.4/ PI-5-PBD 1.298 0.844 1.5¢¢
PMMA 8.9¢ 0.74h . 4.9 PS-b-PMMA 1.8%J
POE 178 0.78 8.3¢ PS-b-POE 304

¢ Used in ref 9. ® Reference 18. ° Reference 19. ¢ Reference 20.
¢ Reference 21. / Reference 22. # Reference 23. » Reference 24. ‘ Ref-
erence 25. / Calculated from entries g and h.

density, their ratio is equivalent to V¢, and so has the
same physical significance.

The existence of this as a controlling parameter implies
that, even within mean field theory, there is no “universal”,
two dimensional phase diagram. Instead, the phase
behavior is controlled by three characteristics, which can
be taken to be xr., fa, and . Here r. is given by

re = polZa/poa + Zp/pop) (1.4)

where pg is the reference density used in defining the Flory
x parameter. It can be interpreted as an effective degree
of polymerization, and r./po is the volume occupied by one
molecule. The pg is normally related to pos and pgp, but
in any case the product xr. is independent of its value.

The value of ¢ and hence the location of the phase
boundaries depend on, but are not necessarily uniquely
determined by, the copolymer chemical species. In
particular, differing microstructures in two different
samples of the same species can produce different con-
formational asymmetries. Thus the important quantity
is ¢ for a fixed ¢, the phase behavior can be expressed as
a function of xr. and fa, corresponding to a generalization
of the xZ vs fa phase diagram often exhibited. The
idealized system with by = bp and pos = pop corresponds
to e = 1 with r, reducing to Z, + Zg = Z.

The role of ¢ also extends to copolymer/neutral solvent
blends. In an earlier paper we calculated the microphase
diagram of such blends for conformationally symmetric
copolymers, using a similar mean field, self-consistent
theory.’ The resulting phase diagram was virtually the
same as for neat copolymers, when expressed in terms of
an effective x parameter given by xer = x¢c, Where ¢, is
the overall copolymer volume fraction. This result, which
is simply the dilution approximation, can be related to
the fact that the solvent density remained almost uniform
throughout the system. If we assume a priori that the
solvent density remains constant, then for blends with
conformationally symmetric or asymmetric copolymers,
we can incorporate the necessary changes to the self-
consistent formalism by rescaling the incompressibility
condition to ¢a(r) + ¢p(r) = ¢.. The consequence is that
the new parameter, ¢, plays the same role as in neat
copolymers, and the microphase diagram is controlled by
Xefi'c, fa, and e. This result is, of course, limited to the
concentrated regime, since it neglects the swelling effects
of the solvent.

Inorder to identify realistic values of ¢, we turned to the
literature for typical values of reference densities and Kuhn
lengths for some common polymers. These are shown in
Table I. From the data displayed, it is apparent that in
at least some cases, including PI and PBD, there is arange
of quoted values for the Kuhn length in particular, and
this variation implies differences in the resulting product
pob?. In Table II we show values of ¢ calculated from the
entries of Table I. Where possible, in constructing Table
11 we used characteristics for the two corresponding blocks

¢ In each case, block A is the first of the pair, e.g., PS in PS-b-PI,
and the superscripts identify the values (po and b) from Table I used
to calculate each ratio.

taken from the same source. Even so, a significant range
of values for ¢ persisted for each of the three cases for
which we found multiple values for the quoted Kuhn
length. Forexample, even for PS-b-PI, one value indicates
no conformational asymmetry at all (¢ ~ 1.0), while another
value indicates € ~ 1.3. For PS-b-PBD the variation is
even larger, with e ranging from 1.0 to 1.6. PI-b-PBD is
particularly problematic, with ¢ ranging from less than
unity to 1.5. Overall, the range is from about 0.8 to 3; this
latter value also corresponds to the conformational asym-
metry recently assigned to PE~-PEP.¢ Since each value of
¢ and its multiplicative inverse are physically equivalent
through the simple interchange of the A and B blocks, we
have an equivalent range of about 0.3 S ¢ < 1. Intherest
of this paper we restrict consideration to ¢ < 1.

Tothe extent that variations in measured Kuhn lengths
reflect the uncertainty in their measurements, this makes
theoretical/experimental comparison more difficult. How-
ever, to the extent that these variations reflect real
differences in the experimental systems, they introduce
amore fundamental problem, namely that the actual phase
boundaries would vary from sample to sample, even for
the same chemical species. There would, for example, be
no single phase diagram even for PS-b-P1.

The primary goal of this paper is to calculate the effects
of conformational asymmetry on the microphase diagram
of diblock copolymers, from the weak to the strong
segregation regime, using self-consistent field theory. Our
primary result is a phase diagram for the case ¢ = 0.6,
which lies well within the range indicated by the data of
Table II. For this case we compare the results with our
earlier ones for ¢ = 1, with the Helfand and Wasserman
strong segregation results which correspond to about ¢ =
0.7, and with the published phase boundaries for PS-5-PI.
Wealso construct a phase diagram for a case of particularly
high conformational asymmetry, ¢ = 0.1, which enhances
the effects of asymmetry on the phase diagram in weak
segregation. We have considered spheres, cylinders, and
layers, since self-consistent calculations for the more
complicated structures, including the OBDD, are beyond
our current computational capability. It is also worth
emphasizing that fluctuation effects are neglected in this
approach. The desirability of incorporating them within
the self-consistent field formalism, especially near the
MST, is discussed in ref 6.

2. Formalism

A system of copolymers was specified by the degrees of
polymerization, Kuhn statistical lengths and pure com-
ponent densities for each block, and the Flory x parameter.
For each system we carried out self-consistent calculations
of the equilibrium free energy and domain size for each
of the three candidate microphases. The one with the
lowest free energy was identified as the equilibrium
morphology.

The calculations are a direct application of the mean
field, self-consistent field formalism presented in Appendix



Macromolecules, Vol. 26, No. 25, 1993

I of ref 6. For each microphase considered, the system
was assumed to form a periodic structure, described by a
set of lattice vectors R, with an associated lattice constant
R. The unit cells are layers for the lamellar phase; for the
other structures we approximated them by cylinders or
spheres. We needed tosolve modified diffusion equations
for propagators for each block. The propagators satisfy

[,87" + 0 (0]Q,(r,7r) = - lp 2 Q,(x 1) (25)

f
where
repoabal
3 = CO—A;‘. (2.6)
6p,R
b 2
o =20 @7
Poaba
They also satisfy an initial condition:
Qr0r) = sr-r-R,) (2.8)
The potentials wp(r) can be written
wa(r) = xrclp(®) — é5] + n(r) (2.9)
wp(®) = xrclga(®) - $ul + n(r) (2.10)

where 7(r) is related to a Lagrange multiplier field
associated with the incompressibility condition. Since ea
= 1, we simplify the notation by denoting eg = ¢, as given
in eq 1.3.

It was sufficient to solve for @, in one unit cell. The
local volume fractions are given by convolutions such as
the following for ¢a(r)

6a(P) = f@‘;j flarquermarl-n @11
where
g,(r,r) = [ dr Q1) 212)

Garl-1 = [dr Qur1-rr)ger,)  (219)

which depend only on a single variable, r, rather than the
three component vector r. Finally,

ac_ _m 1
14 01,,.(1)‘[0

where m = 1, 2, or 3 for layers, cylinders, or spheres,
respectively, and a1(r) = 1, aa(r) = 2xr, and as(r) = 4712,
Equations 2.5-2.14 constitute a self-consistent problem
for a given structure and lattice parameter. When it was
solved, the free energy density was calculated via?®

AF
pokpTV

a,,(r) dr g,(r,1)gg(r,1)  (2.14)

1]l m 1 - -
= E[mﬁ) (1) dr {xrcloa(r)és(r) — dadpl -

Q
wa (M@ (r) — wg(r) (M)} - ln(—Vg)] 2.15)

For each structure, the procedure was repeated in order
tominimize AF with respect to R, and then the equilibrium
structure was identified. In strong segregation, we found
the phase boundaries by fixing xr. and calculating the
free energies as functions of f5. Foragiven xr., weestimate
the numerical precision in the phase boundaries to be Afa
~ +0.002. In weak segregation, it was better to hold fa
constant and vary xr.. In this regime, the numerical
uncertainty in the phase boundaries is about Axr, ~ %0.05
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for the diagram with ¢ = 0.6, and Axr. =2 £0.1 for the one
with ¢ = 0.1.

3. Results and Discussion

Figure 1 shows the phase diagram we have calculated
for a system with ¢ = 0.6, which is equivalent to ¢ = (0.6)"1
= 1.67 via the interchange of A and B. It can be compared
directly with Figure 1 of ref 6, which was calculated in
exactly the same way but for systems with ¢ = 1. This
comparison illustrates explicitly the effects of the con-
formational asymmetry.

The first notable result is that the order—disorder
boundary was modified only slightly. At xr. = 80, it is
essentially symmetric, occurring at fa = 0.06 and 0.94,
which are the same values we found for ¢ = 1. For smaller
values of xr., this boundary remains nearly symmetric,
curving and reaching a minimum which we calculate to be
at xr. = 10.51 £ 0.05 and f4 = 0.502 + 0.003. These are
essentially the same as for the conformationally symmetric
case.

By contrast, the order—order boundaries are asymmetric
and are shifted toward higher A content for this case of
poBbB? < poaba®. At xr. = 80, the Sj <> Ca boundary has
moved from 0.13 to 0.20, the Ca <> L from 0.33 to 0.40, the
L <« Cg from 0.67 to 0.74, and the Cg <> Sg from 0.87 to
0.92. (Sa denotes a set of spheres with cores consisting
primarily of A blocks, etc.) In this region, the asymmetry
has resulted in an L region centered at fa = 0.57 rather
than at 0.50, and an S region which is about 8 times wider
than the Sg region.

This sequence of phase boundaries can be compared
directly with those calculated by Helfand and Wasserman®
for the strong segregation limit, which correspond to € =~
0.7 with the identification of the A and B blocks as PBD
and PS, respectively. Beginning with Ss <> Ca and moving
across horizontally, they found the order—order transitions
at weight fractions of about 0.15, 0.35, 0.7, and 0.9. These
compare with our sequence of about 0.20, 0.40, 0.74, and
0.92; the slightly smaller asymmetry they found is con-
sistent with their slightly larger value of e.

The shift in the phase boundaries toward higher A
content can be understood physically by considering the
competing effects of the two controlling factors. On the
basis of volume fractions alone, one would expect the center
of stability of the L phase to be at fa = 0.5. Forsuch a
copolymer, the two sublayers would be of equal thicknesses,
da = dp. However, if the copolymers were conformation-
ally asymmetric, then the deformation of the two blocks,
relative to their unperturbed dimensions, would be un-
equal. For the case ¢ < 1 considered explicitly here, the
B blocks would be more stretched than the A blocks. This
difference would be reduced if d, were increased relative
todp, which would require fo > fg. Hence this effect tends
to shift the center of stability toward higher fs. Anupper
limit on the size of this size can be estimated by supposing
that, of themselves, the coil statistics would tend to place
the center of stability at the point where the two sublayer
thicknesses are in proportion to their corresponding
unperturbed radii of gyration. Equating da/dp with fa/fs,
and using eq 1.2 for the radii of gyration, this is equivalent
to

fa_ 247,

which can be trivially rearranged and solved to yield fa =
1/(1 + ¢) for this upper limit. The two effects together

(38.16)
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Figure 2. Part of the calculated phase diagrams for copolymers
with highly asymmetric coil statistics chosen so that ¢ = 0.1.

suggest that the L phase should be centered around a
value of f4 satisfying

1
1+e¢

(for this choice ¢ < 1). For the case shown in Figure 1, this
implies 0.5 < fa < 0.63; the actual center, f4 =~ 0.57, falls
just about in the middle of this interval.

Returning to the phase diagram, as xr. is reduced, the
initial changes in the order—order phase boundaries are
qualitatively the same as those for ¢ = 1. Quantitatively,
there is an interesting difference between the Co <= L and
L <« Cg boundaries. The former is noticeably less
dependent on f4, down to about xr. =~ 20.

Continuing down into the weak segregation regime, the
phase boundaries curve in a way which is initially
qualitatively consistent with the case of ¢ = 1. However,
they differ in two ways. First, the minimum of each curve
is shifted slightly to fa > 0.5. Second, small windows are
opening up on one side of the phase diagram, the largest
being an H < C, window centered at about fs =~ 0.547.
However, the width of each window is on the same order
as the numerical uncertainty in the positions of the phase
boundaries, and we were unable to resolve them with any
degree of precision.

In order to amplify these windows and exhibit their
origin, we carried out a series of calculations for a model
system with highly asymmetric coil statistics, choosing ¢
=0.1. The microphase diagram in the vicinity of the MST
is shown in Figure 2, which clearly shows the existence of
H<+Cand H< L windows. The MST reaches a minimum
value of about xr. =~ 10.9, occurring at about f4 ~ 0.54,
as compared with xr. = 10.5 at f4 = 0.5 for the ¢ = 1 case.
However, the nature of the transition at this minimum
differs, being a first order H <> S, transition. In fact,
there are windows from the H to each of the ordered
microphases: H <> Sy for fa $0.61, H <> Ca for 0.61 S fa
$50.64, H+ L for 0.64 S fa $0.66, H< Cgfor 0.66 < fa
< 0.675, and H <« Sg for fa 2 0.675.

It is interesting to note that this phase diagram for A-B
diblock copolymers of high conformational asymmetry
bears some resemblance to ones which were calculated for
A-B-A triblock copolymers by Mayes and Olvera de la
Cruz.'* They treated conformationally symmetric copol-
ymers, i.e., poa = pop and ba = bg, but allowed for all three
blocks to be of unequal degrees of polymerization. In
particular, the choice Z; » Zq introduces an asymmetry
into the molecules, of a somewhat different nature than

1<his 3.17)
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Figure 3. (a) Calculated density profiles ¢a(r) and ¢g(r) for
copolymers with equal volume fractions for each block, but with
high conformational asymmetry characterized by e = 0.1. This
system corresponds to a point on the phase diagram lying
essentially at the MST. The structure in this case is spheres
centered at r = 0, with the A block forming the cores. For this
geometry, the proportion of each component a distance » from
the origin is proportional to 4xr2¢(r). (b) Calculated density
profiles ¢a(x) and ¢g(x) for copolymers with unequal volume
fractions, as shown, and with high conformational asymmetry
characterized by ¢ = 0.1. This system corresponds to a point on
the phase diagram lying essentially at the MST. The structure
in this case is layers, and half the unit cell is shown.

conformational asymmetry. The current Figure 2 most
resembles Figure 2 of that paper, which is for Zs; = Za9/3.
In both diagrams, the overall minimum in the order—
disorder boundary is displaced away from f4 = 0.5, although
to fa > 0.5 in the present case and to fo < 0.5 in theirs. In
both cases, the H < L transition is displaced to f4 > 0.5,
which is to the right of the minimum in the MST on each
diagram. Animportant qualitative difference is the finite
width of the H <> L and H <> C windows in the present
diagram, features not present in theirs. As well, the L <
C boundaries are generally steeper, and the S, region in
particular is considerably larger.

The nature of the order—disorder transition for con-
formationally asymmetric copolymers is illustrated in
Figure 3, which shows the calculated density profiles
corresponding to two points on the MST on Figure 2. The
first is at fa = 0.5, and the second is at f4 = 0.65, which
is the center of the calculated H < L window. We chose
these points to facilitate comparison with conformationally
symmetric systems. For those systems, f4 = 0.5 corre-
sponds to a second order H <> L transition (in mean field
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theory), and the density variations reduce to simple cosine
functions with amplitudes which vanish at the transition.
By contrast, Figure 3a shows that the transition at fa =
0.5, which is S <> H, is first order, and in fact the amplitude
of the variation in each profile is large. For example, ¢A(r)
varies from a value of about 0.92 at the center of the core,
toabout 0.40 at the edge of the unit cell. The other profile,
¢B(r), complements this as ¢p(r) = 1 — ¢a(r). In Figure
3b we see that the H < L transition is also first order. In
this case, each density profile consists, approximately, of
a cosine-like variation about its average value, with equal
amplitudes of about 0.11. This corresponds to about 31%
of the overall value of ¢p, and about 17% of ¢a.

In summary, we have shown that, within mean field
theory, the effects of conformational asymmetry on the
microphase diagram of an A-b-B diblock copolymer can
be characterized by a single parameter, which we labeled
¢ = pobe?/poaba2. There should be no “universal” two
dimensional phase diagram, but for a given value of ¢, the
phase diagram can be expressed in terms of xr. and fa,
where r. is an effective degree of polymerization. As a
consequence, we suggest that any experimentally deter-
mined phase diagram should be characterized by the
corresponding conformational asymmetry, i.e.,, ¢. The
value of € can be restricted to lie either below or above
unity, through the arbitrary labeling of the blocks, With
the choice € < 1, we found that typical values for the Kuhn
lengths and reference densities indicate a realistic range
for e of 0.3 $ ¢ < 1. We calculated the phase diagram for
¢=0.6, finding the order—disorder boundary to be virtually
unaffected by the conformational asymmetry, but all the
order-order boundaries to be shifted toward higher A
content. In the strong segregation regime, the Sa region
is about 3 times broader than the Sp region, and the C4
region about 50% broader than the Cp region. The phase
boundaries are in reasonable agreement with the exper-
imental values for PS-b-PIin strong segregation, although
it is not clear how asymmetric these copolymers actually
are. Finally, we found that conformational asymmetry
leads to direct H <> C and H <+ L windows on one side
of the phase diagram (fa > 0.5), even without fluctuation
effects.
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