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ABSTRACT: We show that the random-phase approximation (RPA) for correlations in block-copolymer 
melts derives from the free energy functional of ideal chains augmented by a random-mixing approximation 
for the interactions between monomers. The derivation facilitates comparisons to other approaches to monomer 
segregation. We apply the RPA functional to the segregation of symmetric, lamellar, block-copolymer phases 
while employing the full wave-vector dependence of the third- and fourth-order vertex functions. Compared 
to calculations which accurately treat only the second-order vertex function, the fourth-order theory shows 
that the wave-vector dependence of the higher-order terms playa an important role in determining the degree 
of segregation of the melt. The approach to the strong-segregation limit (SSL) is very slow, so the scaling 
of the domain size D with the polymerization number N obeys the predicted relation D a PI3 only for very 
long chains and low temperatures. In contrast, the second-order theory approaches the SSL scaling result 
more rapidly, again underscoring the importance of higher-order vertex functions. In the weak-segregation 
limit (WSL), the interfacial width rises rapidly, reaching a maximum before decreasing and then relaxing 
to an almost constant value in the SSL. 

I. Introduction 
Block-copolymer melts composes of even slightly in- 

compatible sequences of monomers generally undergo a 
microphase separation' at moderate temperatures. The 
microphase separation differs, however, from the phase 
separation of other types of liquids in that the regions rich 
in different types of monomers cannot distance themselves 
from each other over macroscopic length scales. Instead, 
the physical connectivity of the different blocks comprising 
the copolymer chains dictates that segregation occurs over 
distances comparable to the size of individual blocks. As 
one of the more interesting consequences of the connec- 
tivity of the blocks, microphase separations and the 
morphologies of the resulting domain structures have been 
the subject of numerous experimental (e.g., refs 2 and 3 
and the review of ref 4) and theoretical&'s investigations. 
A large percentage of the theories of block-copolymer 
thermodynamics employ vertex-function expansions based 
on the random-phase approximation (RPA)? However, 
with few exceptionsPJ4 the vertex-function-based cal- 
culations have been limited to weakly segregated mor- 
phologiessJIJzJs in which the number density of the 
copolymer species varies sinusoidally. For such degrees 
of segregation, a single Fourier mode (or single family of 
Fourier modes) suffices to describe the density profile. 
The purpose of the present article is to study the effects 
of higher-order vertex-function contributions to the block- 
copolymer morphology and to show how the expansion- 
based theory compares to other approaches to block- 
copolymer segregation. Others12Js have previously ex- 
amined higher-order contributions in the weak-segregation 
limit, but the calculations outlined here investigate the 
role of fourth-order contributions in the strong- and 
intermediate-segregation cases as well. 

For complex morphologies or when the chain architec- 
ture involves branching or several different blocks, the 
density-functional formalism which leads to the RPA 
vertex-function expansion has important practical ad- 
vantages over alternative, but formally equivalent self- 
consistent-field (scf) theories6J6 of inhomogeneous block- 
copolymer fluids. The scf theories are based on modified 
diff'usion equations for monomer distribution functions 
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and derive from the Markov properties of random-flight 
chains in external fields. Segregated block copolymers 
may have lamellar (one-dimensional), hexagonal (2-D), 
body-centered cubic (3-D), or ordered bicontinuous double- 
diamond (3-D) morphology.4f6 Except in the lamellar case, 
solving the scf differential equation to obtain the equi- 
librium state appears difficult if not infeasible. Recently,'S 
Shull has employed the scf approach to calculate the 
equilibrium profile of diblock copolymers in the lamellar 
state. His results thus represent the exact solution of the 
approximate functional upon which the scf formalism is 
based. The approximate density-functional calculations 
described in the present article represent an approximate 
solution of the same functional but also possess sufficient 
flexibility for applications to more complex morphologies 
and chain architectures. This motivates comparisons of 
the present, fourth-order vertex-function calculations to 
the numerically exact scf ones. As discussed below, we 
find that the scf and approximate density-functional 
calculations agree qualitatively in every way, though 
quantitative discrepancies appear at strong degrees of 
segregation. It seems reasonable, without further infor- 
mation, to expect similar agreement between the unknown, 
exact solutions of the free energy functional for two- and 
three-dimensional morphologies and the fourth-order 
density functional. 

The most well-characterized block-copolymer me- 
sophase is the lamellar one in which domains form a one- 
dimensional pattern of wavelength D. Recent experi- 
m e n t ~ ~ * ~  show that the boundary region-the inter- 
face-between domains may involve substantial mixing 
of the incompatible monomers. This effect becomes lese 
significant3J4 at low temperatures when the domains 
segregate strongly-the so-called strong-segregation limit 
(SSL). In the weak-segregation limit (WSL), the region 
in which different monomers mix appreciably becomes as 
large as the domains themselves, and the notion of an 
interface ceases to be a useful concept for understanding 
the microphase separation. Many workers have postu- 
lated6J4 that in the WSL, the domain spacing scales aa the 
square root of the polymerization number N. However, 
more careful theoretical treatments12J6Je suggest that the 
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domain size actually increases more rapidly than NlZ in 
the WSL. In the SSL, however, simple physical arm- 
ment&ga+b support the well-accepted scaling relation D 0: 

I W 3 .  

The theoretical section following this discussion consists 
of two parts. In the first section, we rederive the RPA 
using simple density-functional methods. Some of the 
ideas employed in our discussion of the RPA also appear 
in the block-copolymer studies of Semeno@ and Ohta and 
Kawasakiaa as well as in calculations of the effective x 
parameter17 of polymer blends. However, the precise 
relation between the RPA vertex-function expansion, 
density-functional techniques, and the scf formalism 
remains somewhat vague in these references. Within the 
context of the present article, it proves useful to provide 
a brief derivation of the RPA formulation of the problem 
based entirely on density-functional arguments. This is 
accomplished by dividing the free energy into two parts: 
first, an entropic part for the statistics of the chains and 
second, the usual random-mixing, nonideal energy con- 
tribution. This division immediately establishes the 
connection between the scf, RPA, and density-functional 
approach to inhomogeneous polymer fluids and leads to 
a number of current theories of inhomogeneous, ho- 
mopolymer fluids and blends. Dropping the incompress- 
ibility constraint usually invoked with the RPA produces 
the same set of structure factors derived p r e v i o ~ s l y ~ ~ J ~  
using functional integrals. Within the density-functional 
methodology, the incompreesibility condition places a 
constraint on the allowed density variations and not on 
the free energy functional itself. Extensions which allow 
for density fluctuations ignored by the incompressible 
theory may be obtained from the same functional which 
leads to the usual, incompressible RPA theory. 

After reviewing the RPA in the theoretical section 
following the Introduction, we employ the fourth-order 
vertex function to calculate the segregation and domain 
spacing in symmetric, lamellar, diblock-copolymer melts. 
For comparison, we repeat the calculations using just the 
second-order RPA functional supplemented by a heuristic 
ideal free energy functional. As others have done,9a,bJ2J4-16 
we study the growth of the lamellar domain spacing as a 
function of the temperature (expressed in terms of the 
Flory parameter x )  and the polymerization number N. 
We employ the ingenious variational function invented 
by Melenkevitz and Muthukumar14 for studying the weak-, 
intermediate-, and strong-segregation limits of the phase 
separation. Our numerical calculations differ from those 
in ref 14 in our use of the full wave-vector dependence of 
the third- and fourth-order vertex functions. The latter 
refinements greatly increase the computational burden 
associated with our studies but also have a moderate 
quantitative effect on the predictions of the theory. 
Indeed, we reach the conclusion that while the fourth- 
order terms approximated by constants in previous 
 calculation^^^ contribute only a small fraction of the total 
free energy, they play an important role in the segregation 
process. The last section of the main text summarizes the 
theoretical findings and discusses avenues for theoretical 
improvement. 

11. A Density-Functional Derivation of the 
Random Phase Approximation Free Energy 
Functional 

The free energy functional 

F[(pi(R)JI = F,[(pi(R))l + F,,,[(/~i(R)ll (1) 

with Fc[(pi(R))l the free energy functional of inhomoge- 

neous, Gaussian chains and 

generates the celebrated random-phase approximation 
(RPA) of polymer melts. The set of densities (pi(R)j which 
appear in eqs 1 and 2 are grand-canonical averages of the 
monomer number-density operators, B = l l k~T ,  and we 
use R to denote an arbitrary dependence of the set of 
densities (pi(R)j on the spatial coordinates. Ordinary 
numbers denote integration variables (e.g., Jdl  = dxl dyl 
&I). The free energy functional (or, more properly, the 
intrinsic free energy functionalm) can be written as 

F[(pi(R)Il = C J d l  p,(l)[ln p,(l)A; - 11 - @[bi(R)}l 
(3) 

The constants A, appearing in eq 3 have units of length, 
but their precise definition has no bearing on the analysis 
that follows. 

For atomic systems, @[(pi(R)j] conhim the nonideal 
and nonlocal interactions between the particles whoae 
densities appear as its arguments, and functional deriv- 
atives of @[{pi(R)j] with respect to the densities generate 
a hierarchy of generalized direct correlation functi0ns.m 
The first part of the right-hand side of eq 3 is the ideal 
entropy of mixing of the atoms. Functional derivatives of 
@[(pi(R)j] with respect to the monomer number densities 
also generate the direct correlation functions of monomers 
in systems of polymers, but the separation of F[(pi(R)jl 
into the two terms on the right-hand side of eq 3 does not 
provide any practical, computational advantages. For 
block copolymers, it proves more convenient to focus on 
the vertex functions defined6 as 

a 

(-l)"(n - 1) GaiP**GyA X 
P,(U Pg(2) ..- pJn-1) Px(n) 

6(1-2) ... G(n-(n-1)) + cag..Jl,2 ,..., n-1,n) (4) 

with the Cag...y<s monomer-monomer direct correlation 
functions and n 1 2. The functional F[(pi(R))] is a 
Legendre transform of the grand partition function with 
respect to modified external fields 

= ,&Pa - u,(l)) (5) 
with pa the chemical potential per monomer21 of type a 
and u,(l) an external field that acts on an a monomer 
located at position 1. F[(pi(R)j] also has the propertyl3vm 

6FlbPJl) = 4,(1) (6) 

The discussion in this section applies to ordinary atomic 
systems, to mixturee of homopolymers, and to block 
copolymers. [In the case of polymers, the coordinates refer 
to centers of mass or geometric centers of the monomers.] 
However, for concreteness and because polymers are our 
primary interest, we refer to the particles from now on as 
monomers. For homogeneous melts, the second-order 
vertex function has the well-known property6*20*22 

(7) 

with q a Fourier transform variable, V the volume, p the 
overall number density of monomers, and Kfi an element 
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obscure the underlying simplicity of the RPA as derived 
from eq 1. 

The same procedure applied to the compressible case 
yields a set of three unique structure fadors. Applying 
eq 4 with n = 2 to the sum of eqs 11 (for Gaussian chains) 
and 2 and solving for the structure factors, we find 

of the inverse matrix of monomer-monomer structure 
factors. 

Now consider a slightly inhomogeneous polymer melt. 
For small overall density variations, it suffices to expand 
F[(pi(R))] about a homogeneous state F[(pP)l as 

[PA(1) - pi1 bA(2) - pi1 (-i)"B+6eer,&i-2) (11) & 
Equation 11 defines I'z. 

Consider next a melt of ideal polymer chains containing 
two monomeric species (e.g., a binary block copolymer or 
a binary blend of different homopolymers). In this case, 
the second-order vertex functions appearing in eq 8 are 
just the Gaussian inverse structure factors SO&q). Then 
we interpret F as the intrinsic free energy functional of a 
system of Gaussian chains in a weakly varying external 
field. Adding to this result the local contribution defined 
by eq 2, we arrive at the RPA structure factor. To see 
this, functionally differentiate the sum of eqs 2 and 8 twice 
with respect to the monomer densities and substitute the 
result into eq 11. The incompressibility constraint makes 
a quasi-one-component system out of the binary one and 
leads to a single unique structure factor S(q) defined as 
the Fourier transform of [~A(R)  - p:l2 (or, due to the 
incomprdbility condition, [~B(R)  - p;I2) in the expan- 
sion of F[~A(R),~B(R)]I about F[pi,p;l. Thus, 

where we have introduced the Flory ~ a r a m e t e r ~ ~ ~ ~ ~  

A little matrix algebra then leads to 

with 

w(q) = @fi(q) + $B(q) + 2*m(q) (15) 
and 

D(q)  = det @(q) @fi(q)GB(q) - S&(q)2 (16) 
Equation 14 is the standard RPA6ta for a binary, incom- 
pressible system. However, in deriving this result, we have 
avoided the use of functional i n t e g r a l ~ ~ ~ J ~  or Leibler's 
re~ponse-function2~ algebra-techniques which tend to 

and 

where 

R(q)  = 1 + ufiSkA(q) + UBBf$B(q) + 2u,Sh(q) + 
( u ~ ~ u B B  - uL)D(q) (18) 

Apart from minor changes in notation, eqs 17 and 18 are 
identical to the compressible RPA results derived in ref 
19 and, in a somewhat different context, also in ref 18. 
The compressible RPA structure factor SBB(q) follows from 
eq 17a upon exchanging the A and B subscripts. Equations 
17 and 18 differ from the usual RPA (eq 14) in that they 
allow for arbitrary density fluctuations. 

It seems appropriate here to comment briefly about the 
application of the compressible RPA results to inhomo- 
geneous polymer systems. Researchers have occasionally 
insinuated that the q = 0 divergence of the two-body vertex 
function rz results from the incompressibility assumption. 
Actually, the present derivation shows that the divergence 
arises from the fixed stoichiometry of the chains rather 
than the incompressibility condition. In the case of an 
ideal blend with mole fractions of A and B monomers XA 
and XB for instance, D(q=O) = XAXBNANB because SM(O) 
= %ANA, SBB(O) = X ~ B ,  and monomers on different chains 
do not interact so Sm(0) = 0. However, D(q=O) in eqs 14 
and 17 vanishes for ideal block-copolymer chains since 
Sm(0) = NANBIN, ostensibly making the free energy 
functional in eq 8 undefined (the results of integrating the 
ra~(l-2)'s over 1 or 2 is undefined) if p changes even for 
compressible Gaussian chains. This has nothing to do 
with the compressibility or assumed lack of compressibility 
of the chains. In fact, the compressibility K of a homo- 
geneous fluid of noninteracting block-copolymer chains is 
given by the idd-gas-law expression K = NlpkBT which 
results from the center-of-mass, translational degrees of 
freedom of each chain. 

One can still use eq 8 to describe block copolymers 
variationally by paying careful attention to the effects of 
such divergences on the free energy. In particular, the 
spatially averaged number densities of A and B monomers 
must reflect the stoichiometry of the chains. Otherwise, 
the free energyQdWerges. Altematively, it may prove 
helpful, in certain situations, to divide the correlation 
functions into constant and spatially varying pieces which 
couple, respectively, to the constant and the spatially 
varying parts of the densities. Reference 13 contains a 
detailed account of this methodology. The results of the 
present article are limited to the incompressible case in 
order to compare the results of a finite-order, density- 
functional calculation to other methods. We expect the 
Gaussian vertex functions derived above to provide a good 
description of a compressible block-copolymer fluid only 
if a t&m le added to F I ~  which explicitly accounta for the 
fluid's reduced compressibility. 
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To study block-copolymer microphase separation, we 
require the thiid- and fourth-order functional derivatives 
of F[(pj(R)}]. Leiblei has obtained these as the response 
functions of a homogeneous system, subject to the in- 
compreeaibility constraint, to a weak external field. We 
summarize the salient features of the derivation of these 
from eq 1. First, note that eq 1 predicts that the third- 
and higher-order vertex functions do not depend on x 
because the local contribution (eq 2) to F[{pi(R))] contains 
only quadratic and bilinear combinations of the densities. 
Thus, functional derivatives of F[(pj(R))] higher than 
second order are independent of the interaction parameters 
(uu& A higher-order theory which allows for monomer- 
monomer correlations in the interaction part of eq 1 may 
not lead to such a simplification. 

Employing LeiblerV notation, define 

(19) S4F 
= SP,(l) P&2) P43) Ph(4) 

- 6P,(l) P&2) P43) 

and 

(20) - a3F 

Upon expanding F[(pi(R))] (as in eq 8) to fourth order in 
the density differences and employing the incompress- 
ibility constraint (eq 9), we are led naturally to consider 
the quantities 

r3 (1 ,2,3) = 7 (-1) 6aB+bm+67~ruBr ( i,2,3) (2 1) 
a ,  

and 

r4(i,2,3,4) = ( - i ) * ~ ~ + ~ ~ + * 7 ~ + ~ ~ r , ~ , ~ ( i , 2 , 3 , 4 )  (22) 
&X 

Using the functional derivative chain rule, one can 
show20,21,26 

ruB7(1,2,3) = 

-Jd4Jd5Jd6 ru8(1,4) r,#,5) rYv(3,6) G,tv(4,5,6) (23) 

and 
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and the density difference operators Ai&) are def i id  in 
terms of sums over the positions ri,, of all monomers in the 

system of type a! as 

(27) 
The symbols ( ) in eqs 25-27 denote grand-canonical 
averagese2O 

Translational invariance of a homogeneous polymer melt 
of volume Vand eqs 25 and 26 imply the Fourier transforms 
of eqs 21 and 22 as 

r3(qi,q2~3) = -Ds(q,) Dt(qJ Dv(q3) G s t v ( ~ 1 , ~ &  (28) 
and 

r4(q1,<12,e,%) = 
D,(q,) Dt(q2) Dv(q3) D,(a4) Ystw(ql,Q2,QB,QQ) (29) 

(30) 

with 

D,(q) = q : ( q )  - f&i(q) 

Ystw(Q1,Q2,q3,QQ) = -G,tw(s11,c12,cr3,%) + 
and 

v~[GS~~(Q~,Q~,-Q’) G1n(q’) Gnw(q’,q,,%) + 
G,(qlt%,q’) G1n(q’) Gntw(q’,qZ,%) + 

Gswn(ql,%,q’) Gn(q’) Gmvt(-q’,q3,q2)1 (31) 
The wave vectors q’ are chosen to maintain translational 
invariance in each term of eq 31. So, for example, Gatv- 
(ql,Qz,q’) has q’ = q 1 -  QZ. Also, r3 vanishes unless q1 + 
q 2  + 93 = 0 as does r4 except when q1+ q2 + 43 + q 4  = 
0, Note that the form of eqs 28 and 31 does not place any 
constraints on the correlation functions used in actual 
calculations. Rather, these results follow as a consequence 
of an application of the incompressibility condition to well- 
known results from the theory of liquids. The RPA vertex 
functions are obtained upon replacing the correlation 
functions G,t&,Qz,Qs) and G,tAal,u”qr) and the 
inverse structure factors with their ideal, Gaussian-chain 
analogues. 

111. A Numerical Study of the Fourth-Order RPA 
Having derived the eecond-, third-, and fourth-order 

vertex functions of a binary system in the previous section, 
we now proceed to study the segregation of lamellar, block- 
copolymer mesophases. The functional 

Q,[(~itR))l = F[{pi(R))I - C J d l p U ( l )  $,(I) (32) 
U 

is minimized2OP26 by the equilibrium densities. We model 
F[(pi(R)]] using the prescription discussed in the previous 
section as 

F[{~i(R)ll = F,[f~i(R)}l + F,d[{~i(R))l  (33) 
Now consider only those density variations that respect 
the incompressibility condition (i.e., eq 9). Then near a 
homogeneous state having densities p l  and p i  and total 
density p, F[{pi(R)}] has the functional expansion 

F[{pi(R)Il 
2 

F [ b $  + %JdlJd2 r2(1,2) $(1) $(2) + 

$JdlfdPSd3 r3(1,2,3) $(l) $(2) $(3) + 

$JdlJd2Jd3Jd4 r4(1,2,3,4) $(1) $(2) $(3) $(4) (34) 
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0 50.0 100.0 150.0 200.0 

XN 
Figure 1. Domain spacing as a function of xN below the phase 
transition. The solid curve is for the fourth-order calculations 
whereas the chain-dashed curve plots the results of the second- 
order ones. 

where 

$(1) = [ P * ( l )  - P3/P (35) 
Following Melekevitz and M ~ t h u k u m a r , ' ~ ~ ~ ~  we consider 
a Gaussian-window function 

u and D are variational parameters that we employ to 
approximately minimize Qv, and f denotes the fraction of 
A monomer in the copolymer chains. Since the overall 
monomer number density does not change (within the 
incompressibility approximation) upon cooling the melt 
through the microphase separation, it suffices to minimize 
F[(pj(R)}]. In the limit that u - 0, $(z)  reduces to asquare 
wave of periodicity D. It also resembles the cosine wave 
cos(2rz/D) for u/D 2 0.3. 

In Figures 1-3, we present some results for the mini- 
mizationofF[(pi(R))] a t f=  0.5. Thesecalculationsemploy 
the RPA-approximate correlation functions for F2(41), 

appearing in F[{pi(R))] to sums over the Fourier compo- 
nents of $(z). These sums converge rapidly for the WSL 
calculations shown in Figure 2, but for the examples with 
the smallest values of u (those at the largest xllrs), they 
involve many Fourier components. 

The natural length scale in the present problem is the 
radius of gyration RG of an ideal, diblock chain. Note that 
RG scales as N12 23924 so if D/RG 0: NJover some range of 
xN values in Figures 1 and 2, D a Ny with Y = J + 112. 
We observe that the domain spacing D grows more rapidly 
than Nlz immediately below the microphase Separation 
xN, consistent with the observations of earlier re- 
~earch.'~J5J'3 At fixed N, D increases upon cooling the 
melt below the transition temperature. This occurs even 
over the range of temperatures for which a single wave 
vector determines the morphology (Le., the weak-segre- 
gation limit). 

To better understand the behavior of the domain spacing 
in the WSL, consider F[(pi(R)]] when f = 0.5. The third- 

r3(41,4?), and h(ql,q2,q3). We convert the integrals 

17.5 20.0 T i  10.0 12.5 

Figure 2. An enlarged view of the transition region of Figure 
1. The legend for the curves is the same as in Figure 1. 

1.0 

XN 
Figure 3. Interfacial width parameter u below the phase 
transition: solid curve, fourth-order calculations; dotted curve, 
second-order calculations. 

order vertex functions r3(q1,qz,q3) vanish for this com- 
position, and the present theory predicta that the mi- 
crophaae separation is second order and occurs near xN 
= 10.495. A single Fourier component 

$(z)  = &(Bx/D) coe(2~zID)  (38) 
of periodicity D dominates and we can write 

4 

m(~m1 = P ~ ~ ~ ( Q , - Q ) + ;  + t r 4 ( ~ , ~ , q , - q ) $ ;  (39) 

where q = 2 r / D ,  $1 = &q), q = 2 r / D ,  and 

u[(pi(R))l = F[(pi(R)}I - J'[(p!)l (40) 
Minimizing eq 39 with respect to $1 leads to 

We then determine D by minimizing this result with 
respect to q. Reference 14 approximates I'4(q,-q,q,-q) in 
eq 40 with r4(q*,-q*,q*,-q*), where q* denotee the wave 
vector at the onset of the microphase separation. As 
Leiblefl has pointed out, l"z(q,-q) has a maximum at q*. 
Thus, when r4 = a constant, = q* irrespective of xN as 
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i W 6  near the curves on the graph to make the deviation 
of the data from the scaling relation obvious.] This, 
however, representa a significant decrease from ita peak 
value of about 1 which occurs when xN - 30 and it appears 
that at very large xN, D should scale as I W 3 .  Reference 
15, which employs the scf technique to calculate F C [ ( p p  
(R))], quotes a value of DIRG = 5.96 at xN = 125 whereas, 
for comparison, we find DIRG = 7.80-about a 30% error. 
The difference in the resulta stems from the consistently 
too large scaling exponent between D and N in the present 
calculations. 

In many studies of inhomogeneous systems and phase 
transitions, it proves helpful to separate from the rest of 
the free energy an ideal functional that derives from the 
properties of a noninteracting and can be 
evaluated to infiite order in the relevant density order 
parameters. This functional usually has the form of an 
entropy of mixing and, in the absence of external fields, 
favors a homogeneous distribution of the system's com- 
ponents. However, the connectivity of the block polymer 
chains makes it impossible to define an unambiguous, 
"ideal" free energy for block copolymers in an external 
field. The ideal free energy describes the response of the 
chain to an infinitely slowly varying external field. If the 
field acta on A and B monomere in the game way, we recover 
the ideal state UBBd in ref 14. In the case of a blend or 
homopolymer solution, similar argumenta lead to the 
Flory-Huggins entropy of miringam However, even when 
the fields do not vary appreciably over length scales 
comparable to the size of fully extended blocks, the 
presence of different fields for A and B monomers can 
result in profound segregation effects. We allow for these 
effectein thenonlocalpartsofFE~ppl(R))l. Thus,toaccount 
in a qualitative way for the possibility that an all-orders, 
ideal, free enqrgy functional affects block-copolmer 
segregation, we propose the heuristic ideal functional 

~~ 0 I o1 IO' X I l i  10' 

Figure 4. Log-log lot of the data of Figure 1. The solid curve 
is for the fourth-orgr calculations and the chain-dashed curve 
for the eecond-order ones. The dotted lines drawn adjacent to 
the curves have slopes of 1/6 aa would a scaling relationship D 
a PI3 plotted on this graph. 

long as the single-wave approximation (eq 38) applies. 
However, when we retain the full wave-vector dependence 
of I'&-q,q,-q), we find that q changes linearly with xN 
and fails to produce a simple scaling law of the sort D a 
Na. This follows from the fact that I'4(q,-qtq,-q) does not 
have an extremum at q* so that small  changes in q may 
produce a lower value of AF[(pj(R))I than that obtained 
at q*. Thw, as the polymer melt is cooled below xN = 
10.496, the domains immediately begin to grow relative to 
their threehold value and u decreases. u decreases even 
upon approximating I'r(q,-q,q,-q) with the constant r4- 
(q*,-q*,q*,-q*) because 

in this case. Reducing the temperature makes -I'z(q*) 
larger, causing $1 to grow. With D fixed, $1 can only 
increase if u decreases. From eq 42 we see that 

(43) 

in the WSL with x* the Flory parameter at the onset of 
the microphase separation. Figure 3 illustrates the rapid 
decrease of u predicted by this result. Note that the 
singularity in u near the transition is a consequence of the 
continuous nature of the tramition and obtains even when 
we include the proper q dependence of I'4(q,-q,q,-q) in eq 
42. At the critical point, u = 86 that $1 = 0. Upon 
cooling the melt sufficiently to observe a finiteamplitude 
density wave, u is finite. At  off-critical compositions, u 
remains finite even at the transition. 

Close to the transition, we observe a rapid increase of 
DIRG with xN for the rearwrw already mentioned. DIRG 
increaaes more slowly at large values of XN and starts to 
approach the 213 law. Figure 4 replobthe resulta of Figure 
1 on a log-log graph to show this. Note that the lower 
curve (which we have yet to discuss) has nearly reached 
the SSL D a SIa limit for xN > 100. However, even at 
the large& valuea of xN considered in Figures 1 and 4, the 
apparent exponent of the upper curve ie stil l  about 0.71. 
[For comparison, we plot relatione of the type D/RG a: 

withf(1) =f+ $41). Equation44bemsomeresemblance 
to the ideal free energy of mixing different homopoly- 
m e r ~ . ~ ~ , ~  A derivation of eq 44 b d  on a block copolymer 
in a slowly varying fields0 motivates this form but ale0 
illustrates that an unamBiguous definition of F h  does 
not exist. A slightly different choice of the "ideal state"13 

yields an F- without the 1/N prefactor in eq 44. Such 
a choice would lead to a -ate dependence of the system 
properties on x and N, which we do not pursue in the 
present analysis. [Note that the RPA form for the 
correlation functions leads to a dependence of the eeg- 
regation properties on xN rather than on x and N 
separately.] However, without the reduction achieved by 
the 1/N factor, the ideal terms become much more 
significant. 

Rather than expanding Fmir to fourth order as we have 
done for F[(pi(R))l, we retain the all-orders form of eq 44. 
Adding and subtracting eq 44 to the intrinsic free energy 
functional, we have 
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Now expand the difference 
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order parts of Fmix actually cause the initial slowing of the 
domain sharpening and growth. Once the segregation has 
become pronounced, Fmi ,  saturates to a SSL value of (p  V/ 
N) In 2 and playa very little role in determining the 
morphology. The effect of F- is quite small (lees than 
10%) and not discernible in Figures 1-4. 

Finally, we repeat the fourth-order calculations sum- 
marized by the solid curves in Figuree 1-4 by using only 
the second-order expansion of PWA. In other words, we 
set Fr(1,2,3), Fr(1,2,3,4), etc. in eq 46 to zero but retain 
Fmh. These calculations illustrate the role of the fourth- 
order terms in determining the segregation of the super- 
cooled melt. Compared to the fourth-order calculations, 
the second-order ones predict that the domain spacing 
and the segregation (as parametrized by u) increase more 
slowly with xN. The initial increase in D with xN clearly 
scales as WI2 as we measure D in units Of Ro, the radius 
of gyration of ideal chains, which itself scales as Nl2. In 
the SSL, the calculations approach the D 0: h T 2 I 3  law much 
more rapidly than the fourth-order ones presented in 
Figure 1. Because we neglect the third- and higher-order 
terms in the expansion of PRPA, the coefficients of the 
generic term 

5(41) $442) h 3 )  h 4 )  (48) 
are independent of 41, QZ, 43, and 44, and our results 
resemble those of ref 14. For the chain-dashed curve in 
Figure 4, D scales as D a IW3 by the time xN reaches 100. 
Furthermore, we see that D/Rc is almost constant over 
the range 10.495 < xN C 11.0 in Figure 2. However, the 
more accurate RPA functional which includes the fourth- 
order vertex function does not predict this result. 

We mention in passing that neglecting the third- and 
fourth-order vertex functions without the presence of the 
ideal term (or an alternative, all-orders functional) gen- 
erally produces an unsatisfactory free energy functional. 
The incompressibility constraint and/or the variational 
form for $(z)  can force stability, but the resulting 
minimization of 

The coefficients in eq 46 are related to the ordinary RPA 
vertex functions by 

(474 
6(1-2) r31,2) = r2(1,2) + - 

Pf(1 - f )  

(47b) 
6(1-2) 6(1-3)(1- 2f) 

rr(i,2,3) = r3(i,2,3) - 
P2[f(l - f ) I2  

and 

(47c) 
26(1-2) 6(1-3) b(1-4)(1- 3f + 3fz) 

r3(i,2,3) + 
p3[f(1 -ni3 

Because it includes Fmi,, eq 46 contains all orders of the 
Fourier components of $(1) in contrast to eq 34, which 
only includes fourth- and lower-order combinations of the 
$(q)'s, The calculations with and without F h  as described 
below show that the wave-vector dependence of the third- 
and fourth-order vertex functions play a much more 
important role in determining the segregation than does 
the assumed form for this 'entropy-of-mixing-like" con- 
tribution. This contrasts the situation encountered in 
theories of the interfaces of blend@ and homopolymer 
 solution^,^^^^ where the entropy of mixing can lead to a 
pronounced asymmetry of the relevant interface. We 
expect that any reasonable Iocal approximation for Fmix 
proportional to 1/N would yield similar results. Alter- 
native formulations of block-copolymer13g33 or polyatomic 
mol- thermodynamics which treat bonds as per- 
turbations would lead to ideal contributions not propor- 
tional to 1/N. These could have a profound effect on the 
segregation process. 

We have repeated our calculations for the segregation 
of the lamellar phase using eqs 46-47 in place of eq 34. On 
the scale of Figuree 1-4, the results are indistinguishable 
from those of the fourth-order calculations that do not 
include Fmjp Comparing the calculations in detail, we do 
find that includingthe ideal term predicts a slightly slower 
initial development of segregation than the theory based 
on eq 34. Considered by itself, F- favors a homogeneous 
distribution of monomeric components and softens some- 
what the rate of decrease of u and increase of D with 
increasing XN. However, the inclusion of Fmjx also alters 
the part of the free energy functional that we approximate 
by the fourth-order expansion. Thus, to fourth order, eq 
34 and eqs 46-47 are equivalent and the fifth- and higher- 

leads to pathological segregation effects. The global 
minimum of eq 49 occurs when the Fourier coefficients 
$44) assume their maximum absolute values for rz(q,-q) 
C 0 but vanish when r~(q,-q) > 0. Thus, even in the WSL, 
a single, Fourier mode leads to large overall density 
variations when one employs eq 49, and u does not obey 
eq 43. 

IV. Discussion 
The numerical calculations described in the previous 

section all predict the same basic sequence of events, 
namely, that a second-order phase transition occurs near 
xN = 10.495 for a symmetric diblock copolymer followed 
by domain growth and sharpening. However, only the 
approximation that neglects the fourth-order coefficient 
in the expansion of the nonideal free energy about the 
homogeneous state predicts that D a Wl2 for slight 
undercoolings, and only this approximation agrees with 
those experimental studies2 which observe theWI2 scaling 
relation in the WSL. On the other hand, another group 
of experiments35 suggest that the WSL exponent should 
have a value close to Y = 0.8. Given that practically any 
theory that one might invent has a nonstationary fourth- 
order coefficient, it would seem rather remarkable if real 
block-copolymer systems do indeed obey the W12 scaling. 
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Olvera de la Crud2 and Tang and F r e d s  reach essentially 
the same conclusions using the fourth-order expansion. 
One could argue that these analyses neglect fluctuations 
which might somehow stabilize an iW2 law. However, 
Olvera de la Cruz's calculations,16 which employ the 
Hartree approximation,% apparently eliminate this pos- 
sibility. 

The contrasting approximation schemes we employ 
reveal a profound sensitivity of the results for D at 
moderate and large XN to the order of the truncation of 
the functional expansion of the nonideal free energy. The 
results exhibit leas dependence on the inclusion of an all- 
orders, entropy-of-mixing-like quantity in the approxi- 
mation for F~[(pi(R)]l. Thus, we find that the calculations 
which employ the correct fourth-order RPA vertex function 
predict that the limit D a lW3 is approached more slowly 
than in the second-order theory. This results from the 
rapid initial increase of D with xN in the WSL. At  larger 
degrees of segregation, the domain spacing's dependence 
on N and x tends to relax to the SSL predictions, but it 
has to relax much more than in the second-order case, 
where D initially scales aeWf2. Questions whichwecannot 
completely addreaa then naturally arise about the signif- 
icance of the higher-order terms neglected in the functional 
expansion. Perhaps the next-order terms in the vertex 
function expansion would restore a more rapid approach 
to the SSL observed in the scf calculations and the second- 
order theory, but that possibility seems counterintuitive. 
The fourth-order theory clearly shows, however, that the 
SSL occurs only beyond xN = l e a n  observation 
corroborated by other14J5 theoretical calculations. This 
contrasts recent experimental observations in which 
Anastasiadis et aL3 measure an apparent scaling relation 
of the form No.& in almost symmetric samples of poly- 
styrenepoly(methy1 methacrylate) copolymers. As men- 
tioned in ref 14, the highest-molecular-weight samples of 
these authors only have XN = 105. This makes it highly 
unlikely that these authors have truly measured the 
domain scaling in the SSL. Of course, our results depend 
on a number of physical and mathematical simplifications. 
The most significant of these include the use of Gaussian 
statistics to approximate the nonlocal contributions to 
the free energy, the application of the random-mixing 
approximation to account for the temperature dependence 
of F[{pi(R))], and, in the present calculations, the trun- 
cation of the functional expansion of the nonlocal parts 
of the free energy. 

Experimental studies3 of diblock copolymers provide 
evidence that the width of the interface separating domains 
does not depend on temperature (llx) or the polymeri- 
zation number. We define the interfacial width a~ as 

(50) 

The definition of f(z)-eqs 36 and 37, and f ( z )  = $(z)  + 
f ,  and its symmetry-f(z) = 1/2 at z = D/4 and (f(z))" 
= f (0) leads to the general results 

and 

s 3 so 0 00 3 5c 0 100 0 _c d 

x I\, 
Figure 5. The quantity w ,  related to the interfacial width a1 
through w = U I ( X N ) ~ / * / R G  (eq 50 defies UI), in the segregated 
melt for the fourth-order calculations. 

for f = 1/2. However, in the WSL, these reduce to 

(WSL) (52a) 4 -2rz(0/D)z I(df/W,(,)=f I = iT" 
and 

For strongly segregated domains, we find 

and 

Equations 53a,b follow most directly from the rsal-epace 
definition of $(z) (eq 36) and the observation that only 
the i = 0 term contributes significantly in the limit of 
small a/D. The WSL resulta, eqs 52a,b, are obtained from 
the Fourier expansions of $(z) (or f (z ) )  upon retaining 
only the longest-wavelength term. The numerator of eq 
50 facilitates calculations of the effective interfacial widths 
in the WSL and is defined so that in the WSL, a1 = D/2. 
Put another way, the interface encompaeees the entire 
domain in the WSL. Slight variations3J5*37 of thii defi- 
nition appear elsewhere in the literature. However, we 
are not presently interested in absolute numbera but in 
the constancy or lack of conetancy of the interfacial width. 

We express D in units of &-the ideal-chain polymer 
radius of gyration-so that a1 has units RG a h .  In the 
SSL, we expect5J5 that the quantity w = aI(xN)1/2/Rc 
approaches r. In Figures 6 and 6, we plot w for the fourth- 
order calculations (both typea, with and without F h ,  yield 
almost identical results). Clearly, a1 variee considerably. 
Near the transition (see Figure 61, a1 = Dl2 and w r h  
with xN because D also incream. w subaequently ehrinke 
as Segregation effecte begin to dominate a t  larger xN. For 
the largest values of xN coxwidered, w varies slowly with 
temperature and/or N.  However, the RPAdoee not predict 
an a1 independent of xN. In particular, w-and thus a r i s  
particularly wnsitive to xN in the intermediate- and weak- 
segregation ranges. Again, it appears that w becomes 
independent of XN as this quantity approache8 0,  How- 
ever, numerical problems with the convergence of the 
fourth-order sums over vertex functionsmake calculatiom 
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functional for inhomogeneous Gaussian chains. Similar 
demonstrations of the equivalence of simple theories of 
blende and homopolymers to density-functional formal- 
isms have already appeared in the polymer literature.Bv31 
Impoeing anincompreaaibility constraint on thecorrelation 
functions derived from thia functional leade to the 
traditional RPA, but one can also obtain compreeeible 
analogues. More significantly, the decomposition of F[bpi- 
(R))] into Gaussian and local parte suggesta new ways to 
approximate the two pieces of the free energy functional. 

For instance, we can imagine perturbation expansions, 
about the noninteracting Gaussian state, which lead to 
more accurate expressions for the interaction part of the 
free energy functional. This would naturally introduce a 
somewhat inelegant and rather complicated dependence 
of the free energy on monomer-monomer interaction 
parameters, but it could also lead to important modifi- 
cations in the shape of the theoretical structure factor. In 
the RPA theory, the position of the structure factor’s peak 
(or, alternatively, the position of the second vertex 
function’s minimum) does not depend on the temperature. 
This contradicts the resulta of both experimentawe and 
simulations39 which show that at temperatures above the 
block-copolymer microphase separation, the blocke stretch 
in order to minimize monomer-monomer contacts, re- 
sulting in a more general shape of the partial monomer- 
monomer structure factors. Including chain stretching in 
the model would result in new theoretical predictions for 
the behavior of the domain sizes and interfacial widths. 
With regards to the noninteracting, entropic part of F[(pi- 
(R))], studies of the freezing transitions of atomic eye- 

have benefited from all-orders free energy 
functionah which avoid truncations like the fourth-order 
approximation used in this paper. Future theories could 
be constructed to satisfy sum rules on the free energy 
functional20 or expand the free energy about local values 
of the density as in ref 29. It may also be useful to construct 
a variational theory in terms of the chain-end distribution 
function used in scf theor ie~ .~J~  All of these techniques 
yield all-orders functionals which, though approximate, 
might prove capable of better describing the SSL. These 
and other methodologies for developing density functionah 
of highly inhomogeneous block copolymer fluids wil l  be 
the subjecta of future publications. Developing approx- 
imations for Fo[(pi(R))] that can accurately account for 
the relative stability of the ordered phases, facilitate fast 
numerical calculations, and qualitatively describe the 
segregation of monomers within the different types of 
domains remains a difficult and largely unaddressed 
problem. 

The present calculations employ more conventional 
approximations obtained by expandingF[~(R)jl to fourth 
order about a homogeneous melt. Although such fmite- 
order treatments can lead to quantitative discrepancies 
in the SSL, a comparison of the fourth-order expansion 
to the scf methodology reveals some of the strengths and 
weaknesses of the expansion methodology. 

The fourth-order RPA density functional provides a 
reasonably good qualitative description of the lamellar 
microphase separation despite ita quantitative failings. 
In fact, the calculations described in the present article 
exhibit no profound qualitative defecta. We can compare 
the fourth-order resulta to those of the scf theory because 
the two formalisms employ the same continuous-Gawian- 
chain model to approximate correlations in a polymer melt. 
Thus, at infinite order, the vertex-function expansion of 
eq 1 yields the same resulta as the scf, modified-diffusion 
tschnology. Although the predicted values of D deter- 

10.0 12.5 1i.s 

Figure 6. An enlarged view of the region near the phase transition 
for the data of Figure 5. 

at values of xN larger than about 300 infeasible. Figures 
5 and 6 do establish that the fourth-order RPA approaches 
the SSL, as measured by the constancy of w, quite slowly. 

We conclude this section by briefly discussing some 
fundamental connections between the vertex-function- 
based calculations, the scf approach, and the functional 
intqral, field-theory formulation of block-copolymer phase 
transitions. In the ecf theory, one generates the Gaussian 
part of F[bpi(R))] (Le., the fmt part of eq 1) by solving a 
modified diffusion equation.5 Until re~ently,~5published, 
exact, numerical solutions to this problem did not exist. 
This observation provides a testament to the difficul- 
ties encountered when trying to solve the scf equa- 
tions-essentially integral-partial-dirential equations. 
However, when solved numerically in this fashion, the scf 
approach yielde the exact solution to the model free energy 
given by eq 1. In general, little is known about the stability 
of the technique when modeling Fld[(&))]  with a more 
realistic and hence more complicated form in place of eq 
2. The vertex-function expansion can be derived directly 
from Edwards’ Hamiltonian98 as in ref 9a using functional 
integrals. This methodology allows for systematic im- 
provementa incorporating fluctuations10J2 into the anal- 
yeis. Alternatively, the vertex-functions can be regarded 
as functional derivatives of a model free energy like that 
in eqs 1 and 2. In that w e ,  the free energy implies the 
Hamiltonian,N and the exact minimization of the grand 
potential (eq 32) representa the exact summation of the 
partition function corresponding to this Hamiltonian. 
However, the Hamiltonian does not necessarily closely 
resemble an intuitive molecular rendering of a diblock 
copolymer. The second-order cumulant techniques used 
in refs 9a, 18, and 19 yield the same free energy as eq 1. 
However, at higher order, this technique produces a 
different expreeeion for F[(pi(R))]. One should, therefore, 
not surmise that the free energy functional (eq 1) of the 
RPA and scf formalism maps onto the Edwards Hamil- 
tonian even though all three approaches to block-copol- 
ymer thermodynamics lead, at varying degrees of approx- 
imation, to the same free energy functional. 

V. Summary and Conclusions 
The RPA clearly follows from a division of the intrinsic 

free energy functional into a local, random-mixing ap- 
proximation for monomer-monomer interactions and a 
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mined variationally from the fourth-order theory are 
systematically too large, the calculation of a r t h e  inter- 
facial width-agrees remarkably well with that determined 
by the full-blown scf ~alculations.~~ 

One could always argue that the successes and/or 
weaknesses of the present theory may stem from the trial 
function used to describe the segregation process. Ex- 
perience with density-functional applications to other 
systems (see, for example, ref 29 and references cited 
therein) suggests that the basic formalism is, however, 
quite insensitive to the assumed form of the density 
provided that form provides a qualitatively reasonable 
picture of the true profiles. Clearly, the symmetric 
Gauesian-window trial function wil l  not duplicate certain 
details of the exact profiles as determinedls numerically, 
but at this stage, we can only remark that the differences 
between the present resulta and those calculated from the 
scf equations15 are qualitatively quite minor. More 
concrete observations about the sensitivity of the fourth- 
order expansion's predictions must await additional cal- 
culations performed with alternative trial functions. 

Compared to the calculations described in ref 14 which 
ignore the wave-vector dependence of the third and fourth 
vertex functions, the present theory provides a much more 
accurate description of the WSL. We expect that the wave- 
vector dependence of the fourth-order terms should have 
a similar impact on theories of surface-imposed orderine2 
in near-critical block copolymer melts or in descriptions 
of other block-copolymer mesophases. We plan to extend 
our calculations of the lamellar morphology to body- 
centered cubic, hexagonal, and even bicontinuous double- 
diamond morphologies in future work. 

Acknowledgment. This research is supported, in part, 
by grants from the Robert A. Welch Foundation (A-1175) 
and the donors of the Petroleum Research Fund (Grant 
25613-AC7B), administered by the American Chemical 
Society. 

References and Notes 
(1) Noshay, A.; McGrath, J. E. Block CopoZymers; Academic 

Press: New York, 1989. Block Copolymers; Aggarwal, S. L., 
Ed.; Plenum: New York, 1970. Developments in Block 
Copolymers--I; Goodman, I., Ed.; Applied Science: New York, 
1982. Processing, Structure, and Properties of Block Copol- 
ymers; Folker, M. J., Ed.; Elsevier: New York, 1985. 

(2) Green, P. F.; Russell, T. P.; Jerome, R.; Granville, M. Macro- 
molecules 1988,21, 3266. 

(3) Anastasiadis, S. H.; Russell, T. P.; Satija, S. K.; Majkrzak, C. 
F. J .  Chem. Phvs. 1990. 92. 5677. 

(4) Bates, F. S. Sci'knce 1991, $1,898. 
(5) Helfand. E. Macromolecules 1975.8.552. Helfand. E.: Weaser- . .  

man, 2. Ibid. 1976,9, 879; Polym. Eng. Sci. 1977; 17, 582. 
(6) Leibler, L. Macromolecules 1980, 13, 1602. 
(7) Hong, K. M.; Noolandi, J. Macromolecules 1983, 16, 1083. 
(8) Semenov,A. N. Zh. Eksp. Teor. Fiz. 1985,88,1242 [Sov.Phys. 

JETP 1985,61,733]. 
(9) (a) Ohta, T.; Kawasaki, K. Macromolecules 1986,19,2621. (b) 

The 2/3 power law haa been derived also by Di Manio, E. A.; 
Guttman. C. M.:Hoffman. J. D. Macromolecules 1980.13.1194 

I .  I 

and Di Marzio,'E. A. Zbid. 1988,21, 2262. 
(10) Fredrickson, G. H.; Helfand, E. J.  Chem. Phys. 1987,87,697. 

(11) Mayes, A. M.; Olvera de la Cruz, M. J .  Chem. Phys. 1989,91, 

(12) Olvera de la Cruz, M. Phys. Rev. Lett. 1991,67,86. 
(13) McMullen, W. E.; Freed, K. F. J .  Chem. Phys. 1990,93,9130. 
(14) Melenkevitz, J.; Muthukumar, M. Macromoleculea 1991, 24, 

4199. 
(15) Shull,K.R.Macromolecules 1992,25,2122. Seealao: Vaveeour, 

J. D.; Whitmore, M. D. Zbid. Self-Consistent, Mean-Field 
Theory of the Microphases of Diblock Copolymers. Zbid., in 
press. 

(16) Tang, H.; Freed, K. F. J .  Chem. Phys. 1991,95,3012. 
(17) Schweizer, K. S.; Curro, J. G. Phys. Rev. Lett. 1988,60,809. 
(18) Brereton, M. G.; V i i s ,  T. A. J. Phys. (Paris) 1989,50, 245. 
(19) McMullen, W. E.; Freed, K. F. Macromolecules 1990,23,255. 
(20) Evans, R. Adv. Phys. 1979, 28, 143. Evans, R. Microscopic 

Theories of Simple Fluids and Their Interfaces; Charvolin, J., 
Joanny, J. F., Zinn-Justin, J., Eds.; Elsevier: LeeHouches, 1989. 

(21) In fact, a monodisperse system of block copolymers has but a 
single chemical potential which couples to the overall number 
density of chains or monomers. Independent fluctuations of 
the number densities of different typee of monomers are 
impossible. For homopolymer mixtures (blende), eachpolymeric 
component contributes one unique chemical potential to the 
thermodynamics and the different monomer densitiw can 
fluctuate independently. The formal consequences of the 
stoichiometry are discussed at length in ref 16. 

(22) Hansen, J. P.; McDonald, I. R. Theory of Simple Liquids; 
Academic: New York, 1976. 

(23) de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cornell 
University Press: Ithaca, NY, 1979. 

(24) Flory, P. J. Principles of Polymer Chemistry; Cornell University 
Press: Ithaca, NY, 1953. 

(25) Reference 6, Appendix A. 
(26) Hohenberg, P.; Kohn, W. Phys. Rev. B 1964,136,864. Mermin, 

N. D. Phys. Rev. A 1966,137,1441. 
(27) Note that eqs 36 and 37 differ slightly from the variational 

function used in ref 5. In the present article we shift $(z) to 
make it an even function of z .  This simplifies somewhat the 
numerical calculations because half the Fourier coefficients 
vanish. 

(28) McMullen, W. E.; Freed, K. F. J .  Chem. Phys. 1990,92,1413. 
(29) McMullen, W. E. J .  Chem. Phys. 1991,95,8SO7. McMullen, 

W. E. Physics of Polymer Surfaces and Interfaces; Sanchez, I. 
C., Ed.; Butterworth Stoneham, MA, 1992. 

(30) McMullen, W. E.; unpublished notes. 
(31) Tang, H.; Freed, K. F. J .  Chem. Phys. 1991,94,1572,6307. 
(32) Szleifer, I.; Widom, B. J. Chem. Phys. 1989,90, 7524. 
(33) Freed, K. F.; Bawendi, M. G. J .  Phys. Chem. 1989,93,2194 and 

references cited therein. 
(34) Wertheim, M. S. J .  Stat. Phys. 1986,35,19,35; 1986,42,459, 

477. 
(35) (a) Hadziioannou, G.; Skoulios, A. Macromolecules 1982, 15, 

258. fb) Owens, J. N.; Gancarz, I. S.; Koberstein, J. T.; Ruseell, 
T. P. Ibid. 1989, 22, 3380. (c) Almdahl, K.; Ruwdale, J. H.; 
Bates, F.; Wignall, G. D.; Fredrickson, G. H. Phys. Rev. Lett. 
1990,65, 1112. 

(36) Amit, D. J.; Zanetti, M. J .  Stat. Phys. 1973, 9, 1. Brazovekii, 
S. A. Zh. Eksp. Teor. Fiz. 1975,68,175 [Sou. Phys. JETP 1971, 
41, 851. 

(37) Meier, D. J. Thermoplastic Elastomers-Research and De- 
oelopment; Legge, N., Holden, G., Schroeder, H., Eds.; Hanser: 
Miinchen, Germany, 1988. Wu, S. Polymer Interface and 
Adhesion; Marcel Dekker: New York, 1982. Femandez, M. L.; 
Higgens, J. S.; Penfold, J.; Ward, R. C.; Shackelton, C.; Walsh, 
D. J. Polymer 1988,29,1923. 

(38) Edwards, S. F. Proc. Phys. SOC. London 1966,86,613. 
(39) Fried, H.; Binder, K. J .  Chem. Phys. 1991,94,8349; Europhys. 

Lett. 1991, 16, 237. 
(40) Tang, H.; Freed, K. F. J. Chem. Phys. 1992,96,8621. 
(41) See, e.g.: Haymet, A. D. J. Annu. Rev. Phys. Chem. 1987,38, 

(42) Fredrickson, G. H. Macromolecules 1987,20,2535. 

7228. 

89. 


