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ABSTRACT: We study the microphases of linear multiblock copolymers formed from monodisperse A- and
B-type blocks in the limit in which the number of blocks is large. We find the lamellar, gyroid, hexagonal,
and cubic microphases to be stable. Monocontinuous catenoid-lamellar and bicontinuous double-diamond
phases are nearly stable in the region between the lamellar and hexagonal phases where the gyroid phase is
stable. In the weak-segregation limit, the gyroid phase is not stable, and along the lamellar to hexagonal
boundaries a bicontinuous catenoid-lamellar phase is close to stability. In the strong-segregation limit, we
can examine only the lamellar phase, and we determine the scaling behavior of its period and interfacial width.
We conclude that multiblocks exhibit identical scaling exponents as diblocks.

1. Introduction

Copolymer melts have received much attention over
the past few years due in a large part to their interesting
microphase separation. For AB-type copolymers, the
simplest of the ordered microphases is the lamellar (L)
phase in which A and B monomers separate into A-rich
and B-rich lamellae. It is observed to occur when the
volume fractions of A and B monomers are comparable.
If the volume fraction of one type of monomer becomes
sufficiently greater than that of the other, the minority
component is observed to form cylinders which pack in a
hexagonal arrangement, forming the hexagonal (H) phase.
With increasing asymmetry in the volume fractions, it
becomes favorable for the minority component to form
spheres, which then pack in a body-centered cubic
arrangement, the cubic (C) phase.

These ordered phases were the only ones to be observed
at first in AB-type copolymer systems.! Later it appeared
that in the starblock copolymer system, an ordered,
bicontinuous, double-diamond (OBDD) phase also exists.2
In this phase, the minority component forms two separate
interpenetrating diamond lattices. This phase has since
been observed at asymmetries between those of the
lamellar and hexagonal phases in several other copolymer
systems.1:3-6

A few years ago, a catenoid-lamellar (CL) phase3 was
observed. This is a lamellar phase in which the lamellae
of one component are joined by tubes which perforate
those of the other. Typically this phase is monocontinuous
with only the minority-component lamellae being perfo-
rated, but the observations® in the poly(styrene)/poly-
(butadiene) (PS/PB) diblock copolymer with a PS volume
fraction of f = 0.46 found it to be bicontinuous with holes
in all the lamellae. References 7 and 8 report two distinct
hexagonally-structured lamellar phases at f = 0.35 in the
poly(ethylenepropylene)/poly(ethylethylene) (PEP/PEE)
diblock, but details of their structures have not been
completely determined. The results do suggest that the
holes within the lamellae are arranged in a triangular lattice
and are staggered from one lamella to the next. Recent
observations of the monocontinuous phase in copolymer—
homopolymer mixtures*®? have also shown that the holes
are triangularly arranged. Moreover, Disko et al.? also
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observed that the holes between adjacent layers of the
minority component are staggered. It is still not known
if the stacking of the holes is of the form abab... or abcabc....
We shall label phases which have these stackings as CLgy
and CLp, respectively. Ininitial theoretical work on such
phases,1%-12 it was assumed that the holes within the
minority lamellae were arranged hexagonally and that they
were aligned between successive lamellae. We denote this
particular version of the phase by CL,. Fredrickson!?
found that a monocontinuous CL, phase is unstable for
the diblock system in the strong-segregation limit, while
Olvera de la Cruz et al.!! predicted a stable bicontinuous
CL, phase in the weak-segregation limit.

Most recently, another phase has been observed for weak
to intermediate segregation in a poly(styrene)/poly-
(isoprene) (PS/PI) diblock system with a PS volume
fractionof f =0.33.13 It hasalso been observed in a mixture
of two different diblocks, both of poly(styrene)/poly(2-
vinylpyridine) (PS/PVP), one with PS fraction f = 0.35
and the other with f = 0.40.14 This gyroid (G) phase is
similar to the OBDD phase in that the minority component
forms two separate interweaving lattices. However,inthe
latter, the two lattices are 4-fold coordinated, are identical
to one another, and have the symmetry Fd3m. The full
OBDD structure has the symmetry Pn3m. In the gyroid
phase, the two lattices are 3-fold coordinated, are not
identical but are mirror images of one another, and have
the symmetry I4;32. The full gyroid structure, consisting
of a right- and a left-handed lattice, belongs to the space
group Ia3d.15

Experimental methods have been developed which
produce linear, multiblock, copolymers which have high
structural regularity.’®'? The multiblock copolymers
produced by Kajiyama et al.18 have been shown to produce
well-defined microphase separation, but, to our knowledge,
the phase diagram has not been explored. Spontak et al.5
have examined a selection of melts containing multiblocks
with homopolymer, but these experiments have also not
produced a phase diagram. Theoretical work on the
microphase separation of these systems has begun. Benoit
and Hadziioannou!® examined the disordered phase and
calculated the spinodal line for microphase separation.
The lamellar phase has been examined by Kavassalis and
Whitmore!? in the weak-segregation limit and by Zielinski
and Spontak?’ in the strong-segregation limit.

We expect that systems of AB diblocks and those of
linear multiblocks comprised of repeating AB diblocks
will exhibit the same ordered phases. The reason is that
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the entropy gained by cutting the multiblock copolymer
in the middle of each A and B block so as to produce
independent diblocks is thought to be small.21-28 Con-
sequently, the free energy is largely unaffected, and the
phase diagram remains almost unchanged. Thisargument
would seem to be particularly valid in the strong-
segregation limit. Therefore, we expect the linear multi-
blocks to exhibit the usual lamellar, hexagonal, and cubic
microphases. They might also exhibit one or more of the
double-diamond, gyroid, or various catenoid-lamellar
phases.

The above argument also implies that in the strong-
segregation limit, the period of an ordered phase, D, and
the width of the interfacial region between A- and
B-monomer-rich regions, w, will scale in the same way as
in the diblock system.?? Therefore, we expect the period
of an ordered phase to scale as D ~ x!/6N2/3 when it is
strongly segregated.!6:21.24-28 Here x is the usual Flory-
Huggins parameter and N is the degree of polymerization
of the AB repeat unit. Similarly, the interfacial width
should scale as w ~ x~1/2,21,24-262930 Tn contrast to this
assumed scaling, calculations in refs 20 and 31 suggest
that the exponents will change significantly as the number
of repeat units in the multiblock increases.

In this paper, we focus on the linear multiblock which
we investigate using a self-consistent, mean-field theory.
The results presented in refs 18 and 19 indicate that once
the number of AB repeat groups in a linear multiblock
copolymer becomes of order 10, the phase behavior
saturates to that of the infinite multiblock. Therefore,
we consider this limit and examine the stability of the
disordered, lamellar, hexagonal, cubic, double-diamond,
gyroid, and various catenoid-lamellar phases. ¥From this,
we construct a phase diagram. We explore the phase
diagram for different Flory—Huggins parameters, degrees
of polymerization, A and B monomer volume fractions,
and ratios of the A and B monomer Kuhn lengths. We
find, in addition to lamellar, hexagonal, and cubic mi-
crophases, that the gyroid phase is also stable. It occurs
between the lamellar and hexagonal phases but does not
extend to the weak-segregation limit. There we find a
bicontinuous catenoid-lamellar CL,;. phase to be nearly
stable. In the region where we find the gyroid phase to
be stable, its free energy is only slightly less than that of
the monocontinuous CLg, and CLgp, phases, which, in turn,
are only slightly lower than that of the OBDD phase. Due
to computational limitations, we cannot perform our
calculations in the strong-segregation limit and therefore
cannot say whether or not the gyroid phase is stable in
this limit. While unequal Kuhn lengths cause phase
boundaries to shift, we do not find that they stabilize
otherwise unstable phases. Finally, we compare thescaling
behavior of the wavelength D and interfacial width w of
the lamellar phase occurring in the diblock and multiblock
systems. We demonstrate that both systems exhibit
identical scaling exponents in the strong-segregation limit.

2. Theory

We will consider a linear, multiblock copolymer formed
from monodisperse A and B blocks consisting of fN and
(1 - /)N monomers, respectively. Because we take the
limit in which the number of blocks is large, the type of
block with which the copolymer terminates will be
irrelevant. The theory is simpler if we assume both end
blocks are of the same kind so that the copolymer is
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symmetric. Therefore, we consider copolymers with (M
+ 1) A blocks and M B blocks. The total number of
monomers in this multiblock copolymer is (M + /)N, and
the volume it occupies is (M + f)N/py, where p; is the
density of monomers. In the end, we take the limit M —
=, and thus a single copolymer fills a macroscopic volume.
For this reason, we consider a system containing only one
copolymer.

We assume each monomer occupies a fixed volume and,
hence, treat the melt as incompressible. There is no loss
in generality in assuming that both A and B monomers
occupy equal volumes. In fact, one may define each type
of monomer in a way that it occupies any desired volume,
which we take to be 1/p. Once the volume is selected,
then the statistical Kuhn length is fixed,?427 and in general
the A and B monomers will have distinct Kuhn lengths,
aa and ap, respectively.

We parametrize the polymer with a variable s such that
s starts at 0 at one end of the polymer and increases
continuocusly to M + f at the other end. This parametri-
zation is chosen such that the volume of the polymer
between any two points s; and sy is Ns; — s9)/pg. Thus, the
A and B blocks have lengths f and 1 - f, respectively.

Having specified the system, we turn to a brief derivation
of the self-consistent-field theory which describes it. In
doing so, we follow Hong and Noolandi.3? The partition
function of the system is written

Z= [Dr, Plr,; M+ f15[1-$, - dg] X

exp{— 7 dr xNo (@) &B(r)} M

where the functional integral is over all space curves, ry(s),
which can represent the configuration of the polymer. The
probability density functional for a given curve is of the

form

) y@® 1= ]d
Plr,s] exp{ sn o dt[ o2 Jae= @) @
where y(s) = 1 when s corresponds to an A-monomer region
of the copolymer and is O for a B-monomer region. The
Flory-Huggins parameter, x, measures the incompatibility

between A and B monomers.3” The dimensionless A- and
B-monomer-density operators in eq 1 are given by

- N oM

B = [, ds (0 by (o) 3)
bp@ =2 [Mds (1 - vna-r ) 4
¢B(r)-—p00 $ (1~ v(8))3(r—r,(s)) 4

These densities depend upon the configuration of the
polymer, rp(s), and it is the product of density operators
in eq 1, representing the interaction of one part of the
polymer with another, which makes the evaluation of the
partition function so difficult. T'omake it more tractable,
one inserts functional integrals over delta functionals, 1

= [DPs D 5[®a—da] 8[Pp—dgl, whlch permlts the
replacement of the product of operators, ¢adp, in eq l by
the product of functions, 5%z, as well as the replacement
of operators by functions in §[1— éa-dsl. One then inserts
an integral representation for the delta functionals of the
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form

8[8,-3,] = N [ DW, X

exp{%)-fdr WA(r) [cInA(r)_a,A(r)]} (5)
o[1-@,~®gl] = NfZ)E X

exp{%fdr Z(r) [1-®,(r) - @B(r)]} (6)

where W is a normalization constant and the limits of
integration are £i». These insertions bring the partition
function into the form

Z= N[ D3, DW, Dby DWy DE X
exp{—F[QAyWAyQBIWB)E]/an (7)

with

F(®,,W,,85,Wg,El/kgT =-In Q[W,, W] +
%}fdr [XN®,(r) ®p(r) — W,o(r) &,(r) - Wg(r) P50r) ~
Z(r) (1-3,(r)- $5(r)] (8)

and

QUW, Wyl = [ Dr, PlrgM+ 1) X
exp{" p—]\(}fdr [W,(r) $,@) + Wp(r) &B(r)]} ©)

= [ Dr, PlriM+f X

expi- ["ds [y(s) Wyr,(e) + (1 - v(&) Wy(r (o)}
(10)

This last quantity, @[ Wa,Wg], is simply the partition
function of a noninteracting polymer in external fields,
Wa(r) and Wg(r). The above transformation is exact.

What has been accomplished is to replace the quadratic
occurrence of operators in eq 1 by the linear occurrence
in @ which, as noted below, can be calculated exactly.
Nonetheless, the functional integrals in eq 7 cannot be
carried out. The self-consistent-field approximation is to
evaluate the partition function of eq 7 by the method of
steepest descents and thereby approximate the free energy,
-kgT In Z, by the extremum of F[®,,Wa,85,Wg,Z]. We
denote the extremum F[¢a,wa,¢B,wg,£]. The functions
at which the extremum is attained are found from eq 8.
Variation with respect to ®5(r) and to $p(r) yields

wa(r) = xNeog(r) + £(r) 11

wg(r) = xN@,(r) + £(r) (12)

while variation with respect to E(r), Wa(r), and Wx(r)
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gives
Ba(r) + ¢g(r) =1 (13)
-_N120Q
oa = py Q@ Dw, 19
-_N12Da
%5 = py @ Dwy 15

The last two equations identify ¢a(r) and ¢p(r) as the
average densities of A and B monomers at r as calculated
in the ensemble of the noninteracting polymer subject to
external fields which are calculated self-consistently from
eqs 11 and 12. Thus, the saddle-point approximation has
reduced the problem of an interacting polymer to one of
a noninteracting polymer in fixed external fields. Once
the partition function of the latter problem, Q{wa,wg], is
known, the set of equations 11-15 can be solved.

It is at this point that additional approximations are
often made, such as expanding In @ in cumulants and
keeping only the first few terms in the expansion.!1:12.33
Such additional approximations may be convenient at
times but are unnecessary because the partition function
Q can be obtained exactly. One writes the partition
function in terms of the end-segment distribution function
q(r,s),

@ = fdrq@M+ (16)
where
g(r,s) = fﬂrp P[rp;s] o(r-ry(s) X
exp{—f;dt [v(@) wy(r, () + (1 - v(@O)wg(r, ()]} (A7)

It satisfies the modified diffusion equation3*

3 %—Naivzq(r,s) —wyu(r) gr,s), ify(s)=1

= q(rs) =

ds %Na%qu(r,s) -wpg(r) g(r,s), otherwise
(18)

and, from its definition eq 17, the initial condition, g(r,0)
=1, for all . In terms of the end-segment distribution
function, the A-monomer density (eq 14) can be written

_ N M+
6x0) = G f) s 1) a9 ae M=) (19)

where the fact that the polymer is symmetric has been
used to convert an integral along the chain from M + f to
s to one from 0 to M + f —s. The expression for ¢p(r) is
similar.

Once a solution of the self-consistent equations is found,
the free energy of that solution is Fl¢a,wa,¢8,ws,£] of eq
8. Rather than attempting to solve the above self-
consistent equations in real space, we expand all functions
of position in a convenient set of orthonormal basis
functions f;(r), i = 1,2,3,....

g(r) =) &/ ) (20)

with

A f L dr £ £ = 5, @D

cell
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We take the basis functions to be eigenfunctions of the
Laplacian operator:

VEfi(r) = - Z\i;,/‘-(r) (22)
l D 1 -

The length scale, D, and the choice of V. are discussed
below. We order the functions such that A; is a nonde-
creasing series. The first basis function is then fi(r) = 1
with an eigenvalue A, = 0.3

In this basis, the diffusion equation (18) for g(r,s)
becomes

dg,(s) ZAUQJ'(S), ify(s) =1

= (23)
ds ZB‘jqf(s)’ otherwise
J
where the matrix, A, is given by
Na 2\,
Ay=- o 8- Xk_"w,\,krm (24)
with
T = -{—;1-—— Ceudr fAx) Fr) folr) (25)
cell

The matrix, B, is given by a similar expression. The initial
condition is g;(0) = §;.

Given the amplitudes wy ; and wg,; of the fields, we can
easily solve the diffusion equation for g;(s) (eq 23) in a
basis in which the symmetric matrix A is diagonal, if y(s)
=1, or B is diagonal, if v(s) = 0. Orthogonal transforma-
tions accomplish this. After transformation back to the
original basis, the solution can be put in the form

gils+s) = D Ty () ¢(®) (26)
-

if there are only A monomers between s and s + s/, and

gls +s) = ZTB’U(S") a(s) (27)
7

if there are only B monomers between them. Given the
above initial condition for ¢;(0), these transfer matrices,
Ta(s) and Tg(s), produce the amplitudes g;(s) elsewhere
along the chain. At the end of a complete AB block, s
takes on an integer value, m, and the combined transfer
matrix,

Tij = ZTB.ih(1 - TA,hj(f) (28)
k

moves g;j(m) through such an AB block to g;(m+1). In
calculating ¢;(s) for m < s < m + 1, the transfer matrix
operates m times on g;(0). In the limit where the chain
becomes infinite, we can ignore end effects and always
assume m >» 1. Therefore, the eigenvector of T with the
largest eigenvalue dominates all calculated quantities. For
example, the dependence of the configuration integral on
the number of blocks M is @ ~ M, where we have denoted
the largest eigenvalue by ¢. We shall denote the cor-
responding right and left eigenvectors, yg; and yr,,
respectively. The distinction is necessary because T is
not a symmetric matrix, even though T4 and T are.
Now that the amplitudes of the end-segment distribution
functions are known, the amplitudes of the densities are
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obtained from eq 19

1
Oa; = E‘j;fds Z\PRJ‘I/R,kTAﬂ(S) Tpsm(~9) Ty (29)
‘A

TRIm
where

Co= Z¢/RJ¢R,k Ty (30)
JR
and

1 5
bp; = E‘fol deZ%ﬂL,kTBJz(S) T pm(1~f-9) Ty (3D)
B

Jjkim
with

Cg= ZR”LJ‘PL,k Ty x(1-H (32)
yi3

We must now adjust the assumed amplitudes wa ;and wg;
of the fields so that the densities calculated from them
above satisfy the incompressibility condition, eq 13,

d)A,i + ¢B,i = 0, = 2,3,... (33)

and, in addition, are related to the monomer-density
amplitudes via eqs 11 and 12:
Wy + xN((bA’i -~ ¢g) = 0, 1=223,.. (34

Without loss of generality, we can set the average value
of &(r), which is &, to zero so that wa; = xN¢p; = xN(1
~-f) and ws1 = xNoa1 = xNf. This completes the cycle
of self-consistent equations.

With our choice of £(r), the free energy of eq 8 can be
written

F/MkgT = -In(e) - XN Y_o, 0p; (35)

For the disordered phase, ¢ = exp(-wa 1f - wp1(1 - /), and
thusits free energy is F/MkgT = x Nf(1-/). For aperiodic,
ordered phase of a certain symmetry, only eigenfunctions
of the Laplacian with that symmetry3? are included in the
sequence of functions, f;(r). They are normalized within
a unit cell of the phase, V. The free energy still has to
be minimized with respect to the wavelength, D, of the
phase. For catenoid-lamellar phases, there are two such
wavelengths: one of the lamellae and the other of the
triangular arrangement of holes within each sheet. By
comparing the free energies for different phases, we
determine the phase diagram.

As a matter of practicality, only a finite number of basis
functions are included in the expansion of spatially-
dependent quantities. We have used a sufficient number
of basis functions to achieve an accuracy of, at least, a part
in 10¢in the free energy. The number of functions needed
to achieve this depends on the phase examined and the
value of xN. We have employed up to 60 of them.

3. Results

In Figures 1-3 we show the phase diagrams we have
calculated for Kuhn lengths with the ratios of as/ag = 1,
1.5, and 2, respectively. These are reasonable values.38
One can see that unequal Kuhn lengths produce the type
of asymmetry in the phase diagram that is seen experi-
mentally.1#37 The most notable aspect of these diagrams
is that, in addition to the usual lamellar, hexagonal, and
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Figure 1. Phase diagram for linear multiblock copolymers with
equal Kuhn lengths. The regions of stability for the disordered,
lamellar, gyroid, hexagonal, and cubic phases are denoted D, L,
G, H, and C, respectively. All transitions are first order except
for the critical point which is marked by a dot. Dashed lines
denote extrapolated phase boundaries.
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Figure 2. Phase diagram for copolymers with a ratio of Kuhn
lengths of 2:3.
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Figure 3. Phase diagram for copolymers with a ratio of Kuhn
lengths of 1:2.

cubic phases, there exists a stable gyroid phase which,
when it exists, is found between the lamellar and hexagonal
phases. Unlike the other phases which all extend to a
critical point which we indicate with a dot, the G phases
terminate at triple points, leaving short lines of lamellar
to hexagonal transitions in the weak-segregation limit. We
could not calculate the phase boundaries of the G phase
inthe strong-segregation limit because of the large number
of basis functionsrequired. We have made the assumption
that, as xN — =, this phase attains a nearly uniform width
along the metastable L-H transition which we could
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Table 1. Free Energy Excess with Respect to the Stable
Gyroid Phase, AF, and Characteristic Length, D, for
Various Phases at xN = 20 and f = 0.3933 with Both Kuhn
Lengths Equal to a*

phase AF/MkgT D/aN'/2 Cc/D
G 0.0 2.659
MCLgp 0.003 02 1.079 1.308
MCLgbe 0.003 21 1.080 1.311
L 0.004 70 1.083
H 0.004 70 1.236
OBDD 0.013 85 1.611
BCL.be 0.018 23 1.080 1.224
BCLg 0.023 86 1.142 1.140
BCL, 0.026 85 1.098 1.143
C 0.02715 1.513
D 0.141 98

¢ For the L and CL phases, D is the lamellar spacing, and for the
H phase, it is the spacing of the cylinders. For the C, G, and OBDD
phases, it is the size of their cubic unit cells. The ratio of the in-
plane, C, to out-of-plane, D, lattice parameters is given for CL phases.

calculate. With this assumption, we have extrapolated
the phase boundaries up to xN = 80 using dashed lines.

In addition to the gyroid phase, we find a number of
other phases which compete for stability between the
lamellar and hexagonal phases. In Table 1, we compare
their relative stabilities at xIN = 20 on the metastable
L-H transition with the ratio of Kuhn lengths equal to
unity. For this case, the A monomer fraction is f = 0.3933.
Wehave indicated whether the catenoid-lamellar solutions
are monocontinuous or bicontinuous by the letter M or B
before the designation CL. In the second column of the
table, we give the difference between the free energy of
each phase and that of the stable gyroid phase. The
wavelength in units of the Kuhn length, a, is given in the
third column, and, for the CL phases, the ratio of the
lattice parameter in the plane of the lamellae to that
perpendicular to them is given in column four.

In all the regions where the G phase is stable, the two
monocontinuous catenoid-lamellar phases, MCL,, and
MCL,., are nearly stable. Both these have holes in the
minority-component lamellae through which the majority-
component ones are connected. The holes are arranged
hexagonally within the layers and stagger between adjacent
perforated layers. The perforated lamellae are stacked in
abab... and abcabc... sequences, respectively. No solution
was found for a monocontinuous CL phase with aligned
holes. The two solutions with staggered holes are nearly
degeneratein free energy, but the MCL,, is slightly favored.
In both phases, the lamellar spacing is nearly the same as
that for the metastable L phase, and the ratio of the hole
spacing to the lamellar spacing varies between 1.3 and 1.4,
in the region where they are nearly stable. For the larger
xNN values which we could explore on the metastable L~-H
transition, the OBDD phase was also found to be nearly
stable, but it was less stable than the above two CL phases
and, in fact, less stable than the L. and H phases.

The bicontinuous CL phases are most favored at weak
segregations along the L to H phase boundaries close to
the critical points. Of these phases, the bicontinuous CLgpc
phase is the most nearly stable. At the triple point, xN
= 16.38 and f = 0.4376, with as = ap, where the L, H, and
G phases coexist, the excess free energy of the BCLgp
phase is AF/MkgT = 0.00171 as compared to 0.01032 for
the disordered phase. In this phase, the ratio of the hole
spacing to the lamellar spacing remains nearly equal to
(3/2)1/2, the close-packing ratio.

We now focus on the symmetric multiblock with f = 0.5
and as = ag = a. The profile within its lamellar phase at
xN = 200 is shown in Figure 4. The period, D/aN'/2 =
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Figure 4. Plot of the A monomer profile in the lamellar phase
of a symmetric linear multiblock in the strong-segregation limit.
The dimensions of the lamellar spacing, D, and the interfacial
width, w, are explicitly indicated.
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Figure 5. log-log plot of the lamellar spacing versus xN for
symmetric copolymers. The solid line corresponds the infinite
linear multiblock, and the short-dashed line is a strong-segregation
fit toit. The long-dashed line corresponds to a system of diblock
with degree of polymerization N/2.

1.7165, and width of the interfaces between the lamellae,
w/aN'/2 = 0,07041, are indicated on the figure. For the
interfacial width, we use the definition2425:29,38

w = (dg,/d2),-, " (36)

where the z-direction is taken to be orthogonal to the
lamellae and ¢a(z¢) =f. In Figures 5 and 6, we plot D and
w with solid lines using logarithmic scales to demonstrate
the power-law behavior in the strong-segregation limit.
For comparison, we also plot with long-dashed lines what
D and w would be if all the A and B blocks were cut at their
midpoints, producing a system of AB diblocks. One can
see that while this has little effect on the interfacial width,
w, it has a sizable effect on D. This occurs because cutting
the multiblock gives the polymer chain more configura-
tional freedom, resulting in more entropy which reduces
the chain stretching, leading to a decrease in the lamellar
spacing. This effect is reduced in the strong-segregation
limit, but it is never negligible, contrary to what one might
have expected.

Fitting the strong-segregation limit of the lamellar
spacing to

D/aNY? = ¢(xN)® (37)
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Figure 6. log-log plot of the interfacial width between lamellae
for symmetric copolymers. The solid line corresponds to the
infinite linear multiblock and the long-dashed line to the diblocks
with degree of polymerization N/2. The dotted line is the
interfacial width between infinitely long incompatible ho-

mopolymers, and the short-dashed line is the approximation eq
38, derived by Semenov.%

we find ¢ = 0.710 and b = 0.167. This fit is shown with
the short-dashed line in Figure 5. This result for b is
consistent with b = /5. We have calculated the spacing
D for the diblock system at values of xNV beyond the range
shown so that the segregation of the lamellar phase
becomes comparable to that for the multiblock system
within this range and have fitted the result for D to the
same functional form. The result yields the same value
for the exponent b, but a smaller value, ¢ = 0.692, for the
proportionality constant. This value of the constant is
consistent with that calculated by Semenov,26:3 ¢ =
2/(6wH)t/6 = 0.6917.

Figure 6 demonstrates that the interfacial widths in the
multiblock system (solid line) and that the diblock system
(long-dashed line) which would be produced by cutting
the midpoint of each A and B block become identical in
the strong-segregation limit. Shull?* has argued that, in
this limit, the interfacial width in the microphases of
copolymer melts should be the same as those between
incompatible homopolymers with infinite degrees of
polymerization, w/a = 2/(6x)!/2.3 This expression isshown
with a dotted line in Figure 6. As noted by Shull for the
case of diblocks, one must consider a very strongly
segregated melt before this becomes a good approximation.
Clearly, a better approximation for the strong-segregation
limit is desirable.?? Semenov® hasrecently derived one,*®

w2 [ 4( 6 1/3]
aNl/zw(SxN)l/2 1+7"(7r2xN) 38

This approximation, which we show in Figure 6 with a
short-dashed line, agrees quite well with our calculation.

200 300

4. Conclusions

We have calculated the relative stability of several
ordered phases of various symmetries for a system
consisting of an infinite, linear, multiblock copolymer. Our
results are similar to those which we obtained for diblocks,*
as would be expected. We found that, in addition to the
lamellar, hexagonal, and cubic phases, the gyroid phase
isalsostable. Itexists between thelamellar and hexagonal
phases but does not extend all the way to the weak-
segregation limit. Although this phase has not yet been
observed in the multiblock system, its location in the phase
diagram is consistent with observations on diblock sys-
tems.13:14
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Also of interest are the phases which are nearly stable
between the lamellar and hexagonal ones. We could not
explore strong segregations, but the trends we obtained
indicate that the OBDD may become stable in this limit.
At intermediate segregations, we found that two mono-
continuous catenoid-lamellar phases are close to being
stable. Boththese phases are characterized by a triangular
array of tubes which penetrate the minority lamellae and
connect the majority ones. Inthese phases, CLgpand CLy.,
the tubes are staggered in abab... and abcabc... sequences,
respectively. Although the former, CL,y, is favored, they
have nearly degenerate free energies and their dimensions
are very similar. Along the lines of coexistence between
the lamellar and hexagonal phases, which exist in the weak-
segregation limit, we find a bicontinuous catenoid-lamellar
phase to be nearly stable. In this phase every lamellae is
perforated by holes, and the stacking of the layers occurs
in an abcabc... sequence.

We have also considered the effect of unequal Kuhn
lengths of the A and B monomers on the phase diagram.
We generated them for cases for which the ratio of these
lengths is 1:1, 2:3, and 1:2, values which correspond
approximately to PS/PI, PEP/PEE, and PE/PEE co-
polymer systems, respectively.3% This changes the loca-
tions of the various phases in accord with experiment,
making some regions of stability larger and others smaller.
For instance, the region of stability of the gyroid phase is
enhanced if the ratio of the minority- to majority-
component Kuhn lengths is increased.

We have examined both the period D and interfacial
width w in the lamellar phase of the multiblock system.
In the strong-segregation limit, we find that these quanti-
ties scale with the same exponents as for the diblock system;
i.e.,D ~ x1/6N2/3 and w ~ x~1/2, Although we have not
examined the scaling for the other morphologies, the
scaling exponents for them should be the same as that for
the lamellar one.
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