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ABSTRACT: Local structural correlations and small-angle scattering profiles are studied using the
polymer reference interaction site model (PRISM) integral equation theory for a series of structurally
asymmetric diblock copolymer melts in the athermal limit. Motivated by recent experimental work on
polyolefin and polydiene copolymers, we have chosen the block aspect ratios and the overall degree of
copolymer asymmetry to be representative of those systems. The extent of nonrandom mixing in the
fluid is quantified by calculating length scale dependent “effective compositions”. These deviations from
the bulk composition in the athermal fluid are compared to those of a fully interacting thermal system.
The athermal contribution to nonrandom mixing, resulting from pure stiffness asymmetry, is quite small
relative to the effects brought on by unfavorable enthalpic AB interactions. Nonetheless, deviations from
random mixing in the athermal limit can lead to appreciable unfavorable enthalpic interactions between
components within a thermodynamic perturbative scheme. Large departures from the widely assumed
equality of the three partial collective structure factors are also found, suggesting that the extraction of
a single y parameter by fitting to a form which assumes incompressibility may in some cases be unreliable.

I. Introduction

During the past decade significant progress has been
made toward the understanding of the phase behavior
of diblock copolymer melts.l? For weakly segregated
systems, the original theoretical work of Leibler® is still
used as a basis for extracting information about the
phase stability of block copolymers in much the same
way as the Flory—Huggins theory is employed to
determine y parameters in polymer blends. Since then,
several workers have put forth theories which treat
architectures beyond the symmetric diblock,* 19 fluctua-
tion corrections,’1~17 compressibility effects,?16:18.19 the
structure and stabilities of complicated new ordered
phases,2%2! and the intermediate segregation regime.1%.22
These more sophisticated descriptions of block copoly-
mer thermodynamics are required for experimentally
realistic systems since most copolymers have some
degree of asymmetry in composition, structure, and/or
interaction.?3~3® Moreover, the degree to which non-
zero compressibility affects macroscopic observables as
a general function of copolymer asymmetry, backbone
stiffness, molecular weight, and melt density is still
largely unknown.

Recently, many hydrocarbon blend and diblock co-
polymer melts have been experimentally studied which
have what are believed to be very small differences in
the attractive dispersion interactions between compo-
nents (small y,, where y,, is the Flory mean field
enthalpic interaction parameter) but possess different
monomer architectures.?6:3031 These experiments sug-
gest that the structural disparity between components
can influence the phase behavior significantly, despite
the fact that the monomeric units which make up the
chains are nearly chemically identical. One of the most
striking examples of this is the saturated polyolefins
which consist entirely of carbon and hydrogen and often
have identical chemical formulas. In these polymers
structural asymmetries are generated as a result of the
type and amount of branching which exists along the
chain backbone. Since the mean field energetic driving
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force for segregation in these systems is small, it is
reasonable to assume that their phase behavior is
strongly influenced by structural disparity. In particu-
lar, the efficiency with which different olefin blocks
locally pack is expected to be an important consider-
ation. The primary issue which we shall address in this
paper is the influence of backbone structural asymmetry
on both the local and nonlocal structure, and the small-
angle scattering profiles, in the disordered melt. The
continuous space description which the polymer refer-
ence interaction site model (PRISM) integral equation
theory of block copolymers!? provides is well suited for
these questions relating to local packing and compress-
ibility effects.

We also note that although the net enthalpic interac-
tions are small in these systems, there is no theoretical
justification for treating them as purely “athermal”.
That is, despite the fact that the real attractive interac-
tions may nearly “cancel” in a mean sense (i.e. y, ~ 0),
their very presence is what presumably gives rise to
thermally induced, molecular weight dependent order—
disorder transitions (ODT). Nonetheless, within the
approximate van der Waals picture of dense fluids, the
structural features of the fully interacting thermal
system are largely determined by the repulsive (“ather-
mal”) branch of the intermolecular potential. Further-
more, since integral equation calculations of fully in-
teracting melts require as input the intermolecular
correlations in the athermal “reference system”,' it is
useful to fully characterize the repulsive force copolymer
fluid. Understanding the properties of the athermal
melts of structurally asymmetric copolymers provides
a starting point from which their thermodynamic prop-
erties can be studied. In particular, within perturbative,
free energy based approaches to predicing the thermal
effective y parameters and ODT temperatures, it is only
the athermal structural correlations which are relevant.
Using incompressible field theoretic methods, Fredrick-
son et al.? have also developed a theory of athermal,
conformationally asymmetric polymer alloys. In their
study, thermal effects enter only implicitly through the
(experimentally determined) temperature dependence
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of the statistical segment lengths (and hence conforma-
tional mismatch) and density.®

The primary goal of the present paper is to establish
the role of pure packing effects in the athermal limit,
which has been the subject of recent discussions and
some controversy. We also estimate the relative mag-
nitudes of the athermal versus thermal contributions
to the effective y parameter. One of our major conclu-
sions is that melts composed of flexible diblocks, with
block aspect ratios representative of those found in the
olefin- and diene-based copolymers, are not close to the
stability limit when only athermal packing is consid-
ered. That is, we find explicit thermal interactions must
be introduced in order to drive the system close to a
microphase boundary. These conclusions hold at least
for the finite N, linear semiflexible chain models studied
here. Thus, for the athermal model the issue of long
wavelength concentration fluctuation effects associated
with the ODT is not of central importance. Detailed
experimental applications, and the effect of thermally-
driven concentration fluctuations in asymmetric diblock
fluids, will be addressed in future work.

The remainder of this paper is organized as follows.
In section IT we outline the integral equation theory for
block copolymers,!” and define the quantities which are
calculated. The asymmetric diblock model is presented
in section III. Section IV presents results for the small
wavevector partial collective structure factors. Predic-
tions for the asymmetry, chain length, and composition
dependencies of the local and nonlocal structure are
given in section V. Perturbative estimates for thermal
properties of the asymmetric diblock melts are discussed
in section VI. A summary and conclusions are given in
section VII. The Appendix contains a brief description
of the discrete semiflexible chain model used in our
calculations.

II. Theory

A. Integral Equation Theory. Polymer RISM
(PRISM) integral equation theory®?~3¢ describes the
average intermolecular pair distribution functions,
gumr), between two “interaction sites” of type M and
M’ which interact through a spherically symmetric pair
potential vym(r). These sites can represent either
elementary repeat units such as a methylene group or
some collection of these which may constitute a coarse-
grained “segment”. A tractable theory requires the
intermolecular pair distribution functions to be taken
as species dependent only, not dependent on where
along the block a particular site is (e.g. close to the
junction or near a chain end, etc.).l” Of course, the
junction is explicitly treated in the theory through the
intramolecular distribution functions. The block-aver-
aging approximation is best for large diblocks and for
strictly alternating (i.e. ABAB...) copolymers.

To calculate the pair correlation functions, one first
specifies the single chain structure factor through an
intramolecular probability distribution matrix €2 defined
by

Ny Nw

Quuelk) = 0 Z Z‘baMyM’(k)

a=1y=1

(2.1)

where &M (k) are the Fourier-transformed normalized
probability densities of finding sites a and y of species
M and M/, respectively, on the same chain separated
by a distance r, Ny is the number of sites of type M on
a single copolymer chain, and ¢ is the number density
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of copolymers. With Hym(r) = omomlgym(r) — 1], where
oM = Numo, the block-averaged intermolecular correlation
function matrix can be written in Fourier space as!7:32

H=[1-QCI'QCQ (2.2)
where we have dropped the wavevector argument for
notational simplicity and the functions Car(k) are the
site—site direct correlation functions. Equation 2.2
corresponds to decomposing the total intermolecular
correlation functions into linear sequences of elementary
intramolecular () and intermolecular (C) correlation
pathways.32 If Q is assumed to be independent of
intermolecular structure (rigorously true for rigid mol-
ecules with no internal degrees of freedom), then eq 2.2
can be solved with another “closure” relation for
Cvm(r). For athermal systems the site—site analog to
the Percus—Yevick closure for atomic fluids is em-
ployed32.3s

Cu=0 r>dyy

gMMr(r) = 0 r < dMM' (2.3)
where dyw is the distance of closest approach between
sites M and M’. Note that the first relation is ap-
proximate while the second is exact for molecules
consisting of spherically symmetric, impenetrable sites.
The solution of eq 2.2 with egs 2.1 and 2.3 yields the
intermolecular correlation functions for an athermal
diblock fluid, given the matrix  which specifies the
copolymer architecture.

Note that, in general, the intramolecular distribution
functions depend in a nontrivial way on the inter-
molecular fluid structure [gmm(r)]. This self-consistent
interdependence or coupling of the inter- and intra-
molecular correlation functions has been addressed by
several workers within the chain molecule,?® polymer,37
and quantum electron3® liquid state approaches but is
beyond the scope of this paper. For the athermal, dense
melts which are the focus of our present study we invoke
the Flory ansatz that the intrachain structure remains
ideal. Explicit forms for @ are discussed in section III.

B. Collective Structure Factors and Intermo-
lecular Correlation Functions. Our discussion of
athermal results shall be separated into two parts: (i)
small-angle collective scattering profiles (section IV) and
(ii) interchain structural correlations (section V). The
first property is related to the overall stability of the
fluid against microphase separation, and the second
describes how molecules organize relative to each other
on length scales on the order of the range of inter-
molecular interactions and beyond. Of course these two
questions are related since the packing efficiency of
asymmetric copolymers is expected to change the overall
stability of the fluid.

The angularly averaged scattering profiles, or species-
dependent density—density fluctuation correlation func-
tions, are defined by

SyR) = [dx — 1) eF oy — ooy —
on@™@))) 2.4)

where gu(r) is the number density of sites of species M
at position r and the angled brackets denote an equi-
librium ensemble average. These are conveniently
calculated from the inter- and intramolecular structure
factor matrices,
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§S=Q+H=Q1-¢ (2.5)

Within a theory for compressible diblock fluids this
quantity is a matrix composed of three distinct partial
structure factors. Only for the idealized case of a dense,
structurally and interaction symmetric diblock fluid is
the reduction of the three partial structure factors to
one unique structure factor, by invoking incompress-
ibility, expected to be a reliable approximation.163% As
we will discuss, the degree to which the three partial
structure factors differ is highly dependent on block
asymmetry.

A quantity which is deducible from the pair distribu-
tion functions, but is perhaps more intuitive, is the
effective composition, ®yy(R). This is defined to be the
composition of component M’ in a sphere of radius R
centered about a site of type M. In terms of the radial
distribution functions, the length scale dependent com-
positions are defined as*0

f;Rdr 4r*op@ane(T)
Oy(R) = (2.6)

2 féRdr 47r® 0y @rpy )

"

It is important to note that these effective composition
variables differ from the one-body composition fields
usually discussed in the context of block copolymer field
theories. The quantities of eq 2.6 are related to two-
point intermolecular distribution functions and describe
the composition associated with different chains in a
given region of space about a reference site on a tagged
chain. In the thermodynamic limit of R — o, or the
random mixing limit of gmm(r) ~ g(r) for all M and M/,
the effective composition becomes the volume fraction
of species M (i.e. ®mm = fu, for the case of equal site
volumes on the two blocks).

One motivation for defining such a two-point quantity
comes from dynamical measurements which probe in-
terchain interactions and friction. In recent years
effective local compositions have been discussed in the
interpretation of dynamical measurements on copolymer
and blend systems. Although a direct measurement of
this quantity is not possible with present techniques,
model-dependent attempts to extract such information
have been made by several groups.4!=46 Depending on
which experimental probe is used, the value of R (i.e.
the so-called “correlation radius”) might be close in
magnitude to the monomer size or the block size for
nuclear magnetic resonance (NMR) and dielectric spec-
troscopy (DES) probes, respectively. Of course, small-
angle scattering corresponds to probing the R ~ D
effective composition, where D is the microphase domain
size. We also note that our definition gives only the
intermolecular contribution to the length scale depend-
ent composition, which is particularly relevant for
dynamic questions since condensed phase effective
friction coefficients arise from interchain processes. The
“absolute” effective composition can be calculated by
including the trivial intramolecular contribution as well
(i.e. Qumm).

Another quantity which is a useful real space measure
of species segregation, or “clustering”, in the fluid is the
difference correlation function

8aa(r) + gpp(r)

Ag(r) = 5 — &ap(r) 2.7
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which is identically zero for random mixing but gener-
ally varies as a function of the structural disparity
between blocks. A non-zero Ag(r) can be interpreted as
follows:

Ag(r) > 0 = like species pairing favored at r
(2.8)

Ag(r) <0 = unlike species pairing favored at r
(2.9)

As discussed previously, even for structurally symmetric
models, this function gradually grows in amplitude and
develops R, scale oscillations as the diblock melt is
cooled toward microphase separation.!’” Here, however,
we study how this correlation function depends on block
structural disparity in the athermal limit.

C. Effective Thermal Interactions. Related to
Ag(r) (for certain choices of interactions), and a measure
of the energetic consequences of nonrandom mixing on
local length scales, is what we call a dimensionless
“exchange energy”, AE, defined by

E=-— %Efdr [VAA(r)8aA(r) + vgp(riges(r) —

2v,5(rgap(M] (2.10)

where gn, = ga + @B is the total site number density
and B = 1/ksT, kg being the Boltzmann constant. In
simple Flory theory one approximates gum(r) ~ 1 and
AE becomes the off-lattice mean field, or bare, chi
parameter y,. For the olefins (and also dienes), we
expect the “bare” interactions vmm(r) to be nearly
equivalent. In this idealized case of “complete interac-
tion symmetry” vmm(r) = v(r), and by choosing a shifted
Lennard-Jones-like attractive tail interaction for v(r),
eq 2.10 becomes

AE = —gpe far 2 - 2% |aer 21

where € > 0 is the attractive well depth at the distance
of closest approach. The specific copolymer model we
shall study here consists of equal hard-core diameter
blocks, and hence dyw = d in eq 2.11. Structural
asymmetries are then treated by introducing different
backbone bending energies or persistence lengths. Ab-
solute magnitudes for AE can be determined for olefins
by estimating the potential well depth for two interact-
ing methylene units. Since AE weights most strongly
Ag(r) on the length scale of the interactions, it is a single
energetic measure of the magnitude of local nonrandom
mixing. We also note that within thermodynamic
perturbation theory of polymer blends, this quantity is
one of the contributions to the enthalpic part of the
effective y parameter.#® In fact, if one assumes constant
volume conditions and neglects the composition depen-
dence of the athermal pair correlation functions, then
AFE is precisely the thermal y parameter as defined by
2perr = —PAH/3¢2, where AH,, is the enthalpy of
mixing for a polymer blend and ¢ is the mixture
composition variable. _

The relationship of AE to a y parameter in the case
of block copolymers is much less clear. This stems from
the fact that the diblock melt is a one-component fluid
in the thermodynamic sense, and hence the composi-
tional variable f cannot be treated in direct analogy with
the blend ¢. In blends, a change in ¢ corresponds to
mixing different mole fractions of the two chains, In
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contrast, changing f requires changing the block size in
a copolymer (which in some sense is more akin to a
change in the actual architecture). Despite these issues,
it is of interest to define a “heat of mixing”, 0H, for the
copolymer fluid. We use the symbol 6H rather than AH
because this quantity should not be literally interpreted
as a heat of mixing. Rather it is the difference in
enthalpy of the disordered, or “mixed”, diblock fluid with
that of the hypothetical disconnected pure component
system, in analogy to the blend. However, an “enthalpy
of ordering” would require subtracting the enthalpy of
the ordered structure from the disordered phase en-
thalpy and hence would require a theory for the inho-
mogeneous phases.

The enthalpy per unit volume associated with inter-
chain interactions of the copolymer fluid, Hp, is given
by

1
OnHep = Y [dr oyonvym(Pgum(r) (2.12)
MM’

In the high-temperature perturbative limit, the struc-
tural correlations gum(r) are taken to be those in the
athermal fluid. Using vmm(r) = v(r) as in eq 2.11 and
subtracting off the pure component enthalpies from H.,p
give the “heat of mixing” as

20, '0H = [dr v(r)f *gan(r) + (1 — Ngpg(r) +
2A(1 — Ngap(r) — fga" () — (1 — Higg"(M] (2.13)

where oa = fom and gy (r) is the homopolymer melt
pair correlation function for species M. Although there
is no rigorous connection between dH and a y parameter,
it is of some interest to investigate the degree to which
there might be a correlation between the Flory-like
quantity yu = o '0H/f{1 — f), and the second derivative
—om 10%0H/23f2. As we will show, there is reasonable
consistency between this second derivative quantity and
the enthalpic “y parameter”, yu.

III. Chain Models and Mappings

A. Asymmetric Diblock Copolymers. Structural
asymmetries in real copolymers arise for a variety of
different reasons. In many molecules the monomers
composing the blocks can have different shapes and
effective collision diameters. Even if monomers are
represented as spherical objects, when strung together
to form a linear chain the result is a copolymer in which
the block backbones vary in overall “thickness”. Blocks
may also possess a “stiffness” asymmetry due to varia-
tions in bond bending and torsional energies, and in the
liquid state these are influenced by the surrounding
molecules.?37 Many hydrocarbon copolymers of com-
mercial interest have the same basic backbone structure
(e.g. carbon—carbon bonds) but have varying degrees of
branching off the backbone. Systems which have been
widely studied in both the blend and block copolymer
varieties are the polyolefins and polydienes wherein the
(short) branches or side groups also consist of simple
hydrocarbon units. Because of the commercial impor-
tance of these materials, and mixtures thereof, many
types of experiments have been carried out in an
attempt to understand the effects of backbone stiffness
and side chain branching.26:27.3031 Recent attempts to
correlate the phase behavior of polyolefin alloys based
on pure component data have also been fairly success-
ful.3! This suggests that “calibrating” the properties of
the diblock theoretical model (e.g. the aspect ratios of
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Figure 1. Schematic representation of the semiflexible
diblock model. The structure of any one block of species M is
characterized by a bond length, /v, a hard-core diameter dy,
and a local bending energy Eym = e, m(1 + cos 8). Shown is
the case for dy = dp = d and [x = Iy = [ which is used in this
work.

the blocks) based on homopolymer melt data may in
some cases be sufficient for predicting the stabilities of
the alloys which they compose.*” This is a common idea
which underlies the solubility parameter and related
approaches.

Because real copolymers exhibit so many types of
asymmetry in structure, it is difficult to know how to
map such copolymers onto a coarse-grained model.
Given a certain “class” of structurally asymmetric
copolymer (e.g. stiffness asymmetric, monomer volume
asymmetric, etc.), one may be able to construct a
tractable and representative coarse-grained model. Al-
though one can always “map” any polymer onto a coarse-
grained Gaussian model by defining a statistical seg-
ment, there is no reason to expect that after having done
so the structural correlations and thermodynamic prop-
erties in the melt will be faithfully described. Since the
number of different types of asymmetry in blends and
copolymers is relatively small, these intermediate level
coarse-grained descriptions provide some hope for ex-
tracting general trends in alloy behavior within a
homologous series of materials without doing atomistic
level calculations (simulation or otherwise) on a case
by case basis.*

B. Discrete Semiflexible Diblock. We choose the
discrete Koyama semiflexible model*® for the intra-
molecular distribution functions Qumw. This model
consists of a linear sequence of hard beads, as shown
in Figure 1, all having diameter d and separated by
bonds of fixed length I. Additionally, there are two bond
bending energies, €, 4 and e, g, that are used to tune the
stiffness of the backbone within each block. Note that
this model is a “pure stiffness asymmetric” model in that
we have set the site hard-core diameters (block thick-
ness) to be equal. Therefore, to “map” a real polymer
onto this model, it must be done on an equal volume
basis. In this sense, our modeling of stiffness is similar
in spirit to previous work in which chain stiffness is
accounted for on an equal volume basis.?!647 Details
of this model are furnished in the Appendix. As
discussed at length elsewhere?’ it is important to
determine, in an absolute sense, what the relevant range
of aspect ratios (on an equal repeat unit diameter basis)
is for the specific polymers of interest. In terms of the
chain parameters, the aspect ratio of species M is
defined as 'y = owm/d, where oy is the statistical
segment length (i.e. om? = 6R; M*N) and d is the repeat
unit hard-core diameter. “Calibration” of the single
chain aspect ratios for realistic flexible polymers,
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Table 1. Aspect Ratios, I'y = om/d, of the Blocks Which
Compose the Semiflexible Copolymers (A-D) in This

Study*
copolymer Ta TIp y=TpTa Rga R;z D =2n/k*
A 1 Y s 6.383 5.131 26.3
B 1 1 1 6.383 6.383 29.2
C 1 5, 5/4 6.383 7.924 32.8
D 1 3, 3y 6.383 9.430 36.6

@ gm and d are the statistical segment length of species M and
hard-core diameter dy = d, respectively. Also listed in units of
the hard-core diameter are the A- and B-block radii of gyration
and D, the microdomain size for the f = 0.5, N = 500 copolymers
studied in Figures 3-7.

and how the chain statistics affect bulk properties such
as cohesive energy density, have been discussed else-
where.#” In short, there is a strong correlation between
the degree of backbone branching and the average
efficiency with which the monomer units can pack.
Generally, as the overall degree of branching increases
and/or the backbone characteristic ratio decreases the
absolute magnitude of the cohesive energy of the system
is lower due to a decreased number of intermolecular
contacts,*” i.e. a smaller local g(r). Although exceptions
do exist, our prior work suggests the combined effects
of variable branching and backbone stiffness can be
usefully mimicked by using an effective unbranched
chain.4’

To determine the bond bending energy, and hence the
effective stiffness, which corresponds to a particular
choice of aspect ratio I, we equate the end-to-end
distance of a Gaussian chain having statistical segment
length o to that of a semiflexible chain having a certain
average bond angle (determined by the bending energy
6b)’

N02=N12( 2 —1) (3.1)

1 +{cos 6)

where the right-hand side of eq 3.1 is an implicit
function of bending energy ({cos ) is given explicitly in
terms of the bending energy in ref 48). Division of both
sides by the square of the hard-core diameter d and
using the definition of aspect ratio I' = o/d one finds

2

OH=—=2
(cos 6) 1 + (d/1)°’1r?

(3.2)

For a particular choice of //d and aspect ratio I, a bond
bending energy can be computed to yield (cos 6) which
solves eq 3.2. For the asymmetric diblock each block
will have a different I'. Table 1 lists the four model
copolymers which we will present results for. Note that
although the aspect ratio and the ratio of these are
specified, there are many possible choices for //d (the
degree of overlap between adjacent segments). We have
chosen an aspect ratio of I' = 1 for the “common block”
and vary the B-block such that case A and C have the
same ratio, but case C has a larger overall stiffness.
Case D has y = %,;, and we consider this to be an
extreme asymmetry in the context of real hydrocarbons
such as polyolefins and polydienes. In all, our common
block aspect ratio, and those chosen for the variable
B-block, are believed to roughly cover the range of both
average stiffness and stiffness disparity in both the
olefin and diene series.4” (The low and high extremes
in olefin series are poly(ethylethylene) (PEE) and poly-
ethylene (PE), respectively.) This statement is based
on comparison of homopolymer melt calculations to PVT

Macromolecules, Vol. 28, No. 11, 1995

data and solubility parameters of the pure compo-
nents3147 or direct estimation of the segment length on
an equal volume basis.?® We also note that Gehlsen and
Bates®® have recently studied saturated hydrocarbon
polymers in which they hold the microstructure of one
“common” block (polyvinylcyclohexane) fixed, while
varying the properties of the other.

C. Calibration of Melt Density. Although com-
pressible PRISM theory is applicable over the entire
range in density, we limit our study here to meltlike
densities.*® In order to determine the density at which
to carry out calculations we have performed a “calibra-
tion” procedure.l®1747 The goal is to choose a real
homopolymer melt for which the model should work best
and then to adjust the density of our semiflexible chain
liquid so as to reproduce the long wavelength density
fluctuations, or compressibility, of the real system.
Since our model chain is linear, without branches, the
“best case” is polyethylene (PE). In the melt state at
440 K, PE has a zero wavevector structure factor of S(&
= 0) = gmksTkr ~ 0.25,5° where «r is the isothermal
compressibility. Ab initio PRISM melt calculations
using the realistic rotational isomeric state (RIS) model
yield a slightly higher value. After having adjusted the
bond bending energies in the more coarse-grained
Koyama model to reproduce the aspect ratio of PE,*
I'ee ~ 1.2, we found that a reduced density of gnd?® =
1.375 is required to attain a value of S(k = 0) = 0.25
based on the choice I/d = 0.5. This is consistent with
the fact that real PE has a bond length of [ ~ 0.4d and
a reduced density of pmd® ~ 2 due to a larger amount of
methylene group overlap. On the other extreme, a melt
density with a tangent bead chain ({ = d) is omd® ~ 1.

From the point of view of melt compressibility, there
is a large degree of degeneracy in the mappings of
coarse-grained models with different combinations of I/d
and bond bending energies. From an intermolecular
packing perspective, however, many of these models can
be ruled out. One constraint on the model is to choose
a bond length such that [ < d. This leads to a lower
accessible monomer surface area (compared to the
tangent case) and, by definition, the chain will have
more than one local length scale. These two features
in a model lead to a very important, and rather general,
feature of the local pair correlation function in real
polymeric fluids: negative correlation, i.e. g(r) < 1 for
all r. This is the result of two effects. First is the
universal 1/r asymptotic approach of g(r) to unity due
to the long range correlation hole effect.335! Second is
the local, nonuniversal, structure which tends to be
depleted even at melt densities. This effect has been
seen in atomistic melt simulations of polyethylene,52
polypropylene,3? polystyrene,5* and polyisobutylene.5? It
arises from the internal structure of a given chain
having many different, but close in magnitude, length
scales associated with bond length, bond angle, and
dihedral angle constraints. This latter feature, coupled
with the presence of thermal conformational disorder,
leads to an interference effect which destroys strong
solvation shells in the intermolecular pair correlation
function as a result of averaging over all chain configu-
rations. This local correlation hole is not seen either
by theoretical means*® or in simulation® at melt densi-
ties for the commonly employed tangent bead chain
since essentially only one local packing length scale
enters.

The motivation for choosing I/d = 0.5 is as follows.
Using simple geometry, one can show that for a range
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Figure 2. Homopolymer melt intermolecular site—site pair
correlation functions. The solid line is a prediction for the pair
correlation function of an N = 6429 polyethylene (PE) melt at
T = 440 K. This is obtained by using the rotational isomeric
state (RIS) model (see ref 50). To calibrate the density for the
more coarse-grained semiflexible model used in this work, we
fixed the isothermal compressibility to be Somer = Sk = 0) ~
0.25, which is nearly that of the real PE system. The resulting
pair correlation function for an N = 1000 semiflexible chain
melt of aspect ratio I'pg =~ 1.2 is shown as the dashed line.

of hydrocarbon polymers the distance between the
center of masses of repeat units along a backbone (e.g.
a CoH4 unit for PE) is roughly half the effective diameter
of the units themselves. Our use of an l/d = 0.5
overlapping site model does lead to melt pair distribu-
tion functions which mimic those determined by using
a chemically realistic representation of a hydrocarbon
chain such as the RIS chain, and hence of real sys-
tems.*” An example of this is shown in Figure 2 for a
homopolymer melt. This particular choice of param-
eters in the semiflexible chain depicted in Figure 1 (i.e.
l/d = 0.5, and Ta = I's = I'pg for the homopolymer case),
along with a density of o,d® = 1.875, leads to a g(r)
which averages over some of the finer structure seen in
the RIS melt, but has similar features. This appears
to be the consequence of a strong correlation between
the amplitude of long wavelength density fluctuations
(compressibility) and local interchain packing in hard-
core polymer fluids.*” As we discussed in section II.C,
for some questions it is only the integral over gym(r)
which is relevant, and hence it is easy to see from Figure
2 how the more coarse-grained model (with carefully
chosen parameters) would be sufficient.

The PRISM equations were solved numerically using
the Picard iteration technique. This method involves
initially satisfying the closure relation in real space and
then enforcing the PRISM relations in Fourier trans-
form space. Details of this procedure can be found in
refs 17 and 35.

IV. Small-Angle Scattering

Generally, small-angle scattering experiments yield
a weighted sum of the partial density—density fluctua-
tion correlation functions. However, in many experi-
ments the signal is often dominated by one of the
components. In the case of small-angle X-ray scattering
(SAXS) this is due to the disparity in electron density
between the monomers in different components; in
small-angle neutron scattering (SANS) measurements
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Figure 3. Low wavevector partial structure factors Sas(k) and
Sge(k) at N = 500, f = 0.5 for copolymer models A—D. The
common block structure factor (a) grows monotonically as the
overall copolymer stiffness increases due to the increasing
B-block aspect ratio. The variable block structure factor (b)
varies nonmonotonically with its aspect ratio.

this arises as a result of selective deuterium labeling.
Because most of the scattered intensity is often from
one of the components, it is of interest to study the
individual partial structure factors, Smm(k), and how
they vary with stiffness disparity. Of course, in a
hypothetical incompressible fluid there is only one
unique structure factor, and this can be calculated
within the IRPA3 (modified to treat asymmetric archi-
tectures) in terms of a phenomenological y parameter,
or by post-facto enforcement of incompressibility within
the PRISM theory.!”57 For “effectively” athermal sys-
tems, which we are focusing on here, the bare enthalpic
Flory interaction parameter is y, = 0 [vmm(r) = v(r) =
0]. However, as we discuss later, non-zero effective
thermal and athermal interaction parameters can be
generated as a result of nonrandom mixing and finite
melt compressibility.

Parts a and b of Figure 3 show the PRISM predictions
for the small wavevector partial structure factors
Saak) and Sga(k) for N = 500, f = Na/N = 1/2, and
several stiffness disparity ratios y = I'n/T'a (see Table
1). Figure 3a shows how the “common block” structure
factor, Saa(k), is modified as a function of the variable
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component (B-block) stiffness. This is relevant when
the common block contributes most to the scattered
intensity and where different B-blocks are attached to
them. These peak intensities follow a monotonic trend
with increasing average, or overall, copolymer stiffness.
Since k£* «« 1/R; the peak position moves toward a lower
wavevector as the B-block stiffness increases, even
though we are looking at the A-block scattering inten-
sity. Although both partial structure factors have the
same peak wavevector, the relative peak heights do
change when we examine Sgg(k). Reflected in this
quantity is how stable the B-block is to fluctuations of
wavevector £ and how this depends on its stiffness
relative to the common block. As with Sas(k), the
overall scale is set by the average stiffness of the diblock
copolymer. However, in contrast to the common block
partial structure factor, the peak heights do not simply
increase monotonically as y becomes larger. Rather, the
fluctuations in the variable component (B) depend on
whether it is more or less rigid than the common block
(y > 1 and ¥ < 1, respectively). The variable block
scattering function first decreases as it becomes less
flexible, as seen in the curves of Figure 3b for y =45, 1,
5/4. Once y is larger than unity (the B-block is stiffer
than the common block), the variable component struc-
ture factor grows due to increasing overall block copoly-
mer stiffness. As a general rule, the more flexible
component has larger fluctuations, a conclusion consis-
tent with recent constant volume Monte Carlo and
PRISM calculations for athermal stiffness asymmetric
blends.’® This trend can be qualitatively understood for
high densities and small wavevectors by the relation!é

CAA( )

where for small wavevectors the direct correlation
functions generally obey!®

_C’stiﬂ" - stiff(k ) > = C’ﬂexible—ﬂexible(k ) (42)

as expected on the basis of the intuitive interpretation
of ~kpTCum(k = 0) as an effective repulsive pseudo-
potential strength between species M and M. An
alternative physical explanation is that microdomains
composed of more flexible, poorly packed chains are less
stable and hence exhibit larger long wavelength fluc-
tuations.

Figure 4 further illustrates the general nonequiva-
lence of the partial structure factors. Here we have
plotted the chain length scaled reciprocal structure
factors at peak wavevector, k*, as a function of stiffness
disparity, y = I'eTa. Note that in the case of the
common block N/8sa(k*) is a monotonic function of
stiffness disparity, as discussed in relation to Figure 3a.
On the other hand, the stability of the variable block
passes through a maximum at a moderate value of
stiffness. For either component, the deviations from the
IRPA description (shown as the nearly horizontal solid
line in Figure 4) suggest something about the sign of
the effective y parameters which could be extracted from
these predictions. What we mean by the IRPA descrip-
tion is as follows. The IRPA structure factor is con-
structed using the same intramolecular distribution
functions Qym(k) employed in the PRISM calculation.
Since the systems in this study are athermal, the yx,
term in Strpa(k) is identically zero and we simply have
the “bare” structure factor,
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Figure 4. PRISM predictions for the reciprocal peak intensity
of the partial structure factors and for the incompressible
random phase approximation with y, = 0 (see eq 4.3). The
PRISM Sas(k) and Spp(k) are only equivalent for the special
case of structurally symmetric copolymers and exhibit different
dependencies on the block aspect ratio. Dashed lines are the
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dash) discussed in the text.
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S'IRPA—I(k) = Om

As discussed above, the fluctuation correlations in the
more flexible component are generally larger than those
associated with the stiffer block. Over a fairly large
range in ¥, this leads to the flexible and stiff component
structure factors to be greater and less than the IRPA
prediction, respectively, for the same copolymer.
Using the PRISM predictions for the partial structure
factors, we also define an effective y parameter by

Yot ——[S "Mk — 0, Sy )] (4.4)

with the factor of gr, being introduced to nondimension-
alize the PRISM partial structure factors. Extracting
effective y parameters from these scattering functions
using eq 4.4, we obtain net favorable and unfavorable
interactions for the stiff and flexible components, re-
spectively, for y ~ 1.45 and lower. Above that point,
both athermal y parameters become positive. Listed in
Table 2 are the values for yi as well as two species-
mde endent, or “average”, y parameters defined by 2yan

=[S, 1k*) — om(S7HE*)] and 2pan = [So1Ek*) —
Qm(S(k*)) 11, Note that ya, is literally the average of
the partial y parameters and hence corresponds to
averaging the reciprocal intensity, whereas y.iy, derives
from averaging the peak intensities first and then
taking the reciprocal. More explicitly, the average
denoted by the angled brackets is given by

Sk = i[SAA(k*) + 8pp(k®) — 28,5(k%)] (45)

for the case of yam. Similarly for y.m, we use the
reciprocal partial structure factors. (In either case the
minus sign is required to sum the magnitudes of the
concentration fluctuations since Sag(k*) < 0). Of course
in experiments this quantity would generally involve a
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weighted average since the scattering lengths of the
monomers comprising the two blocks would differ. Note
that a single y parameter such as yah contains no
information regarding how the individual partial struc-
ture factors are deviating from the IRPA prediction. As
seen from Figure 4, the IRPA prediction for the yx
parameter at the spinodal is roughly ¥V ~ 10.5 (i.e.
2y N({f = 0.5, ) = N/Sppak*) ~ 21) and is virtually
independent of y over the range plotted. Comparing the
value of y(f = 0.5,y) =~ 10.5/N to the y parameters
extracted from the PRISM calculations listed in Table
2, we find that the magnitude of the athermal contribu-
tion to the effective y parameter is quite small. That
i8, xatlN < 10.5, and hence the driving force toward
microphase separation due to purely entropic packing
considerations is quite small over this (usually) experi-
mentally relevant range in y.

In the limit of a very stiff B-block and a flexible
A-block, such as the “rodcoil” diblock of Radzilowski,
Wu, and Stupp,® the compressible PRISM theory
predicts that the magnitude of each of the partial
structure factors at peak wavevector is greater than or
equal to that of the IRPA prediction. The start of this
trend for modest asymmetries can be seen in Figure 4
for y = 1.45, where both reciprocal peak intensities show
a negative deviation from the IRPA, and hence positive
x parameters. However, we caution that our approach
is best suited for applications to flexible and semiflexible
diblocks, as we are only treating isotropically interacting
units. For high aspect ratio polymers one must go
beyond this approach, as anisotropic interactions and
nematic-like orientational correlations are expected to
become important.%10

Finally, we would like to stress the importance of
using a compressible description of the block copolymer
fluid for calculating the collective structure factors. The
assumption of incompressibility precludes the ability to
extract information relating to individual components.
Thus, even if one is interested in a single “net”
parameter, without first studying the individual com-
ponents it would be difficult to determine what factors
control such a quantity in terms of physically relevant
variables. However, for the range of aspect ratios
covered in this study the athermal contribution is quite
small relative to the thermal contribution (see section
VI), and thus we do not want to overemphasize these
deviations from the IRPA. Of course, the possibility of
more dramatic (and larger in magnitude) departures
from the IRPA is expected for the fully interacting
systems (i.e. with the attractive tail branch of the
interactions present). Issues related to the general
nonequivalence of the partial structure factors, and how
an effective y parameter can be extracted in a meaning-
ful way, have also been discussed by Dudowicz and
Freed® within the lattice cluster theory description of
copolymers and blends and by Tang and Freed!® within
compressible RPA theory.

V. Intermolecular Structural Correlations

A, Asymmetry and Chain Length Dependencies.
The block-averaged intermolecular pair correlation
functions, gmm(r), characterize local, intermediate, R,
and domain scale fluid structure. Related to these is
Ag(r) of eq 2.7 which describes the tendency for like
monomers to pair at a distance r. We will focus on these
two quantities in our discussion of the athermal system
since the underlying local structure is what influences
the effective thermal interactions through eq 2.11. We
also note that the athermal reference pair correlation
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Figure 5. Diagonal block averaged intermolecular pair cor-
relation functions gaa(r) (a) and ggs(r) (b) as a function of
copolymer structural asymmetry for f = !/,. The common
component local packing increases slightly as the B-block
stiffness is increased. The variable block packing is a strong
function of copolymer stiffness since ggs(r) directly reflects
B—B correlations. Shown as dashed lines are the homopoly-
mer melt pair correlation functions for N = 500, where the
chain aspect ratio is set to that of the B-block.

functions are required as input into PRISM theories for
thermodynamics which separate the full interactions
into repulsive hard-core and attractive tail branches.3%:80

Parts a and b of Figure 5 show the diagonal pair
correlation functions for stiffness asymmetric diblock
melts for N = 500 and f = /5. Because stiffer chains
tend to pack more efficiently, the following relation
holds locally (r < Ry),

gstiff—stiﬁ(r ) > gﬂexible—ﬂexible(r ) (51)

Since the B-block stiffness in our calculations can be

both higher and lower than that of the common block,
relation 5.1 leads to

(5.2)
(5.3)

8ep(r) > 8an(r) v >1,casesC,D

8pp(r) <gaa(r)  y <1,caseA
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Focusing on Figure 5a (the common block correla-
tions), we see that the effect of grafting blocks of
different flexibility onto a common block is to perturb
the packing of that block relative to its homopolymer
analog. If the B-block is more flexible than the common
block (case A, y < 1), it induces the common block to
pack more like the flexible component. Likewise, at-
taching a B-block which is more rigid results in en-
hanced correlations between sites on the common block.

Figure 5b shows much larger effects since it is the
stiffness of the B-block itself which is being varied. The
change in ggg(r) with y is akin to the change in the
homopolymer g(r) (dashed lines) with increasing stiff-
ness.*® It is these large changes in gpp(r) which give
rise to the more modest changes in the packing between
the common stiffhess blocks seen in Figure 5a. This can
be viewed as an “induced” structural rearrangement.
For comparison, the dashed lines show the N = 500
homopolymer g(r) using the aspect ratios corresponding
to those in the B-block for a given choice of y. Generally,
the diblock pair correlation functions differ from the
analogous homopolymer case in a way which brings
them closer to that of the common block (more toward
the y = 1 case). Thus, just as the presence of the
variable block induces changes in the local packing of
the common block, the presence of the common block
suppresses (with respect to the homopolymer) the amount
by which the variable component packing changes as a
function of aspect ratio. We note that the direction of
the induced structural rearrangements seems to be
nonuniversal. Recent calculations of short, structurally
asymmetric, tangent-bead chain blends58 indicate that
the induced packing modifications upon blending can
be in the opposite direction (i.e. gMm(r) move further
apart) to those discussed here. To zeroth order, parts
a and b of Figure 5 suggest that, for modest overall
diblock stiffness, one can think of the common block as
being somewhat unaffected by the presence of the other
component. That very assumption, that the packing of
the individual components in the pure state is similar
to that in the mixed state, is implicit in the “regular
solution” or “solubility parameter” description of the
miscibility of blends and copolymers in terms of cohesive
energy densities of the pure components.

Within the context of branching or side group effects,
the degree of structural asymmetry depends on how
branched the repeat units are. Crudely, the degree of
branching translates into some effective backbone stiff-
ness on an equal volume basis.?6:3047 That is, the local
packing described within a theory for a branchless
polymer melt is representative of the packing in the
real, branched chain fluid, provided that the cor-
respondence between more branching and lower aspect
ratio (and hence, less efficient packing) in the coarse-
grained model is properly made. Although there are no
explicit branches in our model, the effect of “shielding”
the backbone sites due to increased branching translates
into a decrease of the local g(r) for more flexible blocks.
The change of gaa(r) with increasing vy is interesting
because it describes how the common block correlation
functions are changed as a result of grafting increas-
ingly “stiff” (or more lightly branched) blocks to it.

As mentioned previously, a single function which
describes the degree of ordering in the fluid is Ag(r) of
eq 2.7. This quantity in the athermal limit arises solely
from packing, and not from any unfavorable inter-
molecular interactions as discussed previously in the
context of symmetric diblocks.!” Remarkably, the mag-
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Figure 6. Difference function Ag(r) = 0.5[gaa(r) + gps(r)] —
gasr) for y = %5, 1, 5/4, %2 and f = Y/,. Larger deviations from
random mixing are predicted as the stiffness disparity and/or
the mean aspect ratio increases. The chain length dependence
at constant asymmetry (y = 5/,) is shown in the inset.

nitude of Ag(r) is very small in comparison to the overall
magnitude of the individual component gum(r). Figure
6 shows Ag(r) for copolymers A—D (Ag(r) = 0 for case B
due to perfect structural symmetry). Generally, the
pairing amplitude monotonically increases with overall
block stiffness. Although the magnitude is quite small,
a Ag(r) of order 1072 can lead to appreciable thermal
interaction energies, AE, since fe is of order unity in
the experimental temperature range. Although AE is
not literally a “y parameter”, it is a measure of the local
energetic driving force for spatial segregation. Table 2
lists these values along with the athermal y parameters
discussed in section IV. As the copolymer asymmetry
increases (with an average stiffness on either side of
the symmetric copolymer “B”), AE becomes larger. The
magnitudes which come out of this simple calculation,
after accounting for the “bare” interactions of methylene
units (8e ~ 1 at 440 K on a 4 CH;, basis), are large and
consistent with the data on polyolefin alloys,?6:3! if we
do associate this quantity with an effective thermal y
parameter. As discussed in section I1.C, this connection
between the “exchange energy” and the y parameter is
only well-defined in the blend (or perhaps for infinite
N diblocks). Note that although the degree of nonran-
dom mixing and the overall stability of the fluid must
be related, there is no obvious way in which AE and
Xath are correlated. Also note that the values of ya1, are
very small even relative to the mean field instability
condition of ¥ & 10.5/N for f = /5. Thus, consistent with
blend PRISM and Monte Carlo calculations*% for
structural asymmetries characteristic of flexible poly-
mers, the purely athermal driving force toward phase
separation appears very weak both in absolute terms
and in relation to the thermal component (see also
section VI).

The intermolecular fluctuation quantity Ag(r) gener-
ally increases with chain length, as seen in the inset of
Figure 6. This result, however, is not general for all
types of structural asymmetry. Our unpublished studies
of asymmetric copolymers in which the size of the beads
on two freely-jointed blocks was varied (i.e. daa = dgg)
show a trend in which Ag(r), locally, saturates at a
minimum value for large chain lengths.
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Table 2. “Exchange Energy” AE of Eq 2.11 in Units of fc with Identical “Bare” Attractions (i.e. vn(r) = v(r)) for f = 0.5

and N = 500
copolymer y AE/Be e vt Xath Xath k*d
A 45 0.031 06 —0.007 92 0.005 64 -0.000 87 0.001 96 0.239
B 1 0 0.000 119 0.000 119 0 0 0.215
C 5/4 0.080 88 0.000 468 —0.002 46 0.001 21 0.001 53 0.191
D 3/a 0.168 4 0.008 26 0.000 393 0.004 52 0.004 99 0.172

@ The non-zero AE arises as a result of nonrandom mixing of stiffness asymmetric copolymers. Also given are the peak positions k*d

and the athermal y parameters discussed in the text.

Table 3. Chain Length Dependence of the Perturbative
Estimate of the Dimensionless “Exchange Energy” AE
for Block Copolymer “C” (Fa = 1, I'g = %/ at f= 0.5

AE/Be
N diblock blend
50 0.044 26
100 0.038 948 0.063 856
250 0.085 207
500 0.080 883 0.097 057
1000 0.105 71
2000 0.103 13 0.111 90

a Shown are values for the diblock (Na = Ny = N/2) and the
corresponding blend (Nya = Np = N) under constant volume
conditions.

The chain length dependence of AE for this stiffness
asymmetric model is given in Table 3, where we have
also calculated the same quantity for the corresponding
blend. Generally, the blend AFE is larger. This can be
understood in terms of the local structure of the diblock
versus the blend (not shown). The added constraint of
a junction bond between the A and B chains suppresses
the structural rearrangements in the diblock fluid. This
leads to Ag(r) being closer to zero (random mixing) than
in the corresponding blend on the length scale of the
interactions. Note that N in Table 3 is defined as N =
Na + Ng and N = Ny = Np for the diblock and blend,
respectively. For completeness, we have also included
results for literally “snipping” the junction bond in the
diblock, which corresponds to a blend of smaller chains.
Table 3 also shows that AE saturates for large N and
the blend and copolymer results become closer. This is
an indication that the thermal contribution to the
effective y parameter will approach a large N limit, as
expected on general physical grounds.

B. Length Scale Dependent Compositions: Ather-
mal versus Thermal Behavior. Deviations from
random mixing are expected to play an important role
in both material properties and the interpretation of
dynamic measurements which probe the environment
within a radius, R, of a given monomer. In data taken
from nuclear magnetic resonance and dielectric spec-
troscopy (the “segmental” loss peak), R is believed to
be a local length scale on the order of the monomer or
segmental size.*!"*% Using the definition of eq 2.6, the
consequences of nonrandom mixing in terms of an
effective composition can be studied. Parts a and b of
Figure 7 show ®a(R) and ®pg(R) for copolymers A—D.
By definition, in the thermodynamic limit of R — « the
bulk composition is recovered. However, local and R,
scale structural fluctuations brought on by the confor-
mational asymmetry can lead to either positive or
negative departures from the bulk composition.

The common block composition ®aa(R) shown in
Figure 7a indicates that the direction of the change
locally from the bulk limit of f = 1/ depends on whether
this block is more or less flexible than the B-block.
Generally, we find that enhancements in local composi-
tion occur for the more rigid component. Thus, when

a 0.56
] ‘y: 4/5
0.54 7

4

0.52

A-Block Stiffer
|

) =1
~e 0.50 '
o '
A-Block Flexible
0.48 7
i ’{: 5/4
0.46‘+
‘Y: 3/2
1 N=500, f=0.5
0-44 1 R M i M T M T T 1
1 2 3 4 5 6 7 8 9 10
R/d
b o0.56
0.54 7
j Block Stiff
0.52 B- Ioc! tiffer
E =1
~a 0.50 i i
-]
S B-Block Flexible
0.48 v
0.46“ Y= 4/5
1
N=500, f=0.5
0.44 T T T T L L
1 2 3 4 5 6 7 8 9 10

R/d

Figure 7. Effective intermolecular compositions ®sa(R) and
®pp(R) for N = 500, f = 0.5 diblocks having different stiffness
mismatches. In this athermal limit, a small enhancement is
predicted locally for the stiffer component, while the opposite
is true for the more flexible component. Note here that once
the temperature dependence of the local structure is explicitly
accounted for, both ®aa(R) and ®gg(R) will be enhanced due
to microdomain formation!? (see Figure 8).

parts a and b of Figure 7 are compared for the A- and
B-block local compositions, respectively, for each copoly-
mer the stiffer block (whether it be A or B) obeys
Dgi(R) > f, while for the other component ®aexinie(R) <
f. Consistent with the change in magnitude of Ag(r),
the degree to which the local composition changes from
the thermodynamic limit grows with increasing copoly-
mer asymmetry and stiffness. The fact that for any
given length scale, R, the compositions appear to obey
the relation ®sa(R) + Ppp(R) ~ 1 may at first seem
trivial on the basis of stoichiometric constraints. How-
ever, from the definition of eq 2.6 the only point at which
this relation must hold rigorously is in the R — o limit
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and/or under random mixing conditions of gy (r) = g(r).
In fact, previous calculations for structurally symmetric
diblocks at low temperatures!” with vay(r) = 0, where
there is a large degree of thermally-driven spatial
segregation, show that both components can have large
positive changes locally, thereby destroying this “con-
servation law” which we are discussing here for ather-
mal diblock fluids.

The empirical fact that for these athermal systems
we do find a nearly perfect conservation law for the local
compositions suggests the relation

D, R) + Ppp(R) =1+ AR) (5.4)

where A(R) is a measure of the degree to which a sort
of “incompressibility™® on a particular length scale R
holds. Using eq 2.6 for the definition of local composi-
tion, A(R) is easily determined,
AR) =
fil = PIG4A(R)Gpp(R) — G45*(R)]
[fGas(R) + (1 = PGyp(RN( — HGR(R) + fG5(R)]
(5.5)

where
Gy B) = 47 [T ar gy () (5.6)

Thus, for a particular length scale, the “incompress-
ibility” condition implies a geometric relation for the
cross-correlation function,

AR) = 0= Gup(R) = /G (RGxaR)  (5.7)

We emphasize that although this relation seems to hold
fairly well, it does not mean that the literal assumption
of incompressibility at the one-body level*® should work
well for these systems. As we discussed in the previous
section, large deviations from the widely assumed
incompressible relation Saa(k) = Spa(k) = —Sanp(k) are
predicted for these copolymers. What eq 5.7 does
indicate is that in the athermal limit, the cross-correla-
tion function is closely related to the diagonal like—like
species correlation functions in a manner reminiscent
of the empirical Bertholet relation for Lennard-Jones
interaction potentials.?5 Of course, the empirical Ber-
tholet relation says nothing about the dependencies of
pair correlation functions on stiffness asymmetry.
Although eq 5.7 seems to hold for the athermal
systems shown in Figure 7, the additional presence of
tail interactions leads to qualitatively different results,
and much larger deviations from the bulk compositions.
For comparison we have carried out calculations using
the full PRISM copolymer theory!” for the temperature
dependent intermolecular correlation functions. Here,
the copolymers interact through the repulsive hard core
as well as a set of Lennard-Jones-like tail interactions.
The symmetric tail interaction ordering employed previ-
ously!” was used here: vaa(r) = vgp(r) = 0, vag(r) > 0.
Parts a and b of Figure 8 show dym(R) for f = 0.5
and f = 0.1, respectively, for the symmetric copolymer
“B” (y = 1) at several temperatures (y, < 771) leading
up to an “apparent spinodal”, (yoN)s app().8? Since y =
1 corresponds to perfect structural symmetry, the ather-
mal effective compositions are simply ®aa(R) = f and
Opp(R) = 1 — [ (see Figure 7). However, as the
temperature is decreased the repulsive AB tail interac-
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Figure 8. Effective intermolecular compositions for the
structurally symmetric (y = 1, copolymer “B”) thermal diblock
melt, with N = 500 and f = 0.5 (a) or f = 0.1 (b). For
comparison to the purely athermal results of Figure 7, these
quantities were calculated using the full PRISM theory for the
temperature-dependent structural correlations (see ref 17),
using a repulsive AB interaction vas(r) > 0 [vas(r) = vas(r) =
0]. Locally, the compositions become greater than the bulk
values due to the AB spatial segregation which occurs as , is
increased. For reference, the block radii of gyration are R
= Rgp = 6.4d for f= 0.5 and R4 = 2.7d, Rz = 8.6d for f =
0.1.

tion leads to strong composition fluctuations. For either
composition, ®um(R) approaches the pure component
value of unity in the spatial region corresponding to the
first solvation shell. For distances closer to the block
size the effects are still appreciable. For example, at
%N =10 for f = 0.5, ®aa(R = Rz 4) ~ 0.6 represents a
20% enhancement to the bulk limit. Near an apparent
spinodal temperature®! the deviations on the micro-
domain scale, D ~ 3R, are a few percent.

Although we have only shown the structurally sym-
metric case, similar magnitudes are found for the
thermal, structurally asymmetric models.52 Noting the
difference in the y-axis scales between Figures 7 (ather-
mal) and 8 (thermal), we see the small negative and
positive departures from random mixing in the athermal
structurally asymmetric case will be “washed out” once
the AB tail repulsion is present at finite temperatures.
Regardless of the initial deviation of ®mm{(R) due to pure
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Figure 9. Composition dependence of Ag(r) at N = 500 for
model “C”. This quantifies the degree to which deviations from
random mixing occur, as well as the spatial extent of such
deviations. Generally, Ag(r) increases with increasing asym-
metry and overall stiffness. Note that very locally (r < 2d)
the ordering of Ag(r) is as follows: Ag(r; f=0.3) > Ag(r; f =
0.7) and Ag(r; f = 0.1) > Ag(r; f = 0.9), where = fuimer. The
domain spacings D = 2a/k* are listed in the inset.

structural asymmetries, we find that at finite temper-
atures ®ym(R) is always greater than its athermal
value, and it eventually becomes greater than the bulk
composition for either component. Hence eq 5.7 no
longer holds for all length scales once explicit thermal
effects are present. Physically, this arises from the
depletion of AB contacts and “clustering” of like species
as the fluid forms microdomains. Parts a and b of
Figure 8 suggest that at low temperatures, both com-
ponents experience local environments which are nearly
pure in their respective species.

C. Copolymer Composition Dependencies.
Shown in Figure 9 is Ag(r) for copolymer C (y = %/,) at
N = 500 as a function of composition. Although the
detailed structure is rather complicated locally, it is
apparent that the overall deviations from random
mixing decrease as the composition approaches either
extreme for this particular y. For this modest stiffness
difference (although, roughly, it still covers the range
of aspect ratios associated with the polyolefins*”) they
can be loosely grouped symmetrically about f = /.
This, however, is slightly deceiving since much of the
behavior for r > 3d (the broad peak) is the result of these
functions having different R scale periods of oscillation.
Hence it is natural that, for instance, f = 0.1 and f =
0.9 look similar. Values for the “domain spacing” D =
2n/k* are given in the inset of Figure 9. Generally, D
becomes lower as the composition becomes more asym-
metric (as in Leibler theory®). However, the values of
D for fuitrer = 0.7 and fitisrer = 0.9 are slightly larger than
their respective counterparts (i.e. fitifer = 0.3 and fisiter
= (0.1) due to a larger average stiffness of the copolymer
chain.

The quantities AE and dH are more telling in terms
of how the nonrandom mixing may affect the thermo-
dynamic properties of the copolymer fluid. It is the
subtle, nonuniversal monomer length scale structure in
Ag(r) which is relevant here, since the range of attrac-
tive interactions is on the scale of d, the hard-core
diameter. Table 4 lists our perturbative estimate of AE
as a function of copolymer composition for the case
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Table 4. Composition Dependence of AE for Block
Copolymer Models “A” (Tp = 1, I'g = 4/5) and “C” (Ta =1,
I's = 5/y) for N = 500

AE/Be
fstiffer Y= 4/5 vy = 5/4
0.1 0.0490 0.0729
0.3 0.0371 0.0859
0.5 0.0311 0.0809
0.7 0.0231 0.0693
0.9 —0.000021 0.0397

shown in Figure 9 (y = %) as well as for y = %;.
Although both extreme compositions deviate less from
random mixing for y = 5/, the y = %/; case shows a
monotonic trend in this composition range. This sug-
gests that the trend in how a fluid deviates from random
mixing depends not only on the ratio of block mismatch
but also on the average stiffness of the chain. This
nonuniversal dependence on average stiffness of the
chain is also predicted for constant volume conforma-
tionally asymmetric polymer blends.*6

The direction of the asymmetry in AE(f) does show a
systematic trend. In either case, when more of the
flexible component is added, the local concentration
fluctuations are greater in magnitude (e.g. for y = 5/,
AE = 0.07 for faexivie = 0.9 versus 0.04 for fpexivle = 0.1).
Physically, this arises due to the (constant density) fluid
becoming more compressible as fyexible is increased. In
turn, the more compressible fluid at a constant degree
of mismatch can more easily undergo structural reor-
ganization. This argument is consistent with the pre-
dictions for both values of y, but it must be emphasized
that it seems to be valid only at constant y. We should
also emphasize our results are at constant volume, not
pressure, and the influence of “equation-of-state” effects
(a v and f dependent density) is unknown at present
within this approach. Using the lattice cluster theory,
which is a thermodynamic description for constant
pressure systems, Dudowicz and Freed® have addressed
equation-of-state effects in the context of diblock melts.

V1. Estimates of Thermal Interaction
Parameters

As discussed in section II.C, it is of interest to use
the structural information from the athermal fluid in
order to make perturbative estimates of the thermal
contribution to an effective y parameter. For copolymer
fluids, the most unambiguous way to calculate a y
parameter is to perform an operation similar to what
is done experimentally: treat the predicted structure
factor as “data”, and then fit it to an IRPA form. In
copolymers, the periodicity of concentration fluctuations
is finite, and hence the fitting procedure is done using
S(k*) rather than 8(0) as in polymer blends. This
procedure has been carried out for symmetric copoly-
mers using the liquid state approach!” but involves
calculating the temperature dependence of 8(k). Here
we would like to perturbatively calculate a thermal “y
parameter” using the structural correlations in the
athermal fluid. This will allow us to estimate the
magnitude of the thermal contribution relative to the
purely athermal contribution discussed in the previous
section.

To do this, we must resort to using a description of
the copolymer fluid at the thermodynamic level (i.e. &
= 0). Since k* ~ 1/Rg, using the “enthalpy of mixing”
OH of eq 2.13 as a basis may be reasonable for large
chain lengths. We have calculated the Flory-like quan-
tity yu = om " 10H/A1 — f) as well as the second derivative
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Figure 10. Thermodynamic perturbative estimates of the
composition dependence of yu = om 'SH/RA1 — f and
— 3% om '6H)Y23f for block copolymers “A” (T4 = 1, Tg = ¥5)
and “C” (I'a = 1, I'p = %) at N = 500. Numerical values for
selected compositions are provided in Table 5.

of 6H with respect to f. The latter of these is in direct
analogy to the polymer blend, although it is unclear how
this quantity is actually related to a y parameter
relevant to the microphase separation process. Figure
10 shows both quantities for y = 45 and y = %/,. If this
were a polymer blend, these two ways of calculating a
¥ parameter would converge, provided there were no
appreciable composition dependence to the y parameter,
which would be true only if gyy(r) were independent
of composition. Since this is not generally true, and
because f does not have the same physical meaning as
#, we do not necessarily expect —g, 13%(6H)Y/25f2 to be
close to yu. However, it is interesting that over a rather
large range in composition both quantities exhibit a
roughly linear dependence on f. In either case the
composition dependence is nontrivial. As Tang and
Freed®® pointed out, a composition dependent y param-
eter can lead to dramatic changes in the microphase
behavior of diblocks. We therefore expect that the use
of the liquid state theory predictions for the y param-
eters in diblocks within a theory for the ODT and
ordered phases may lead to considerable changes in the
phase boundaries with respect to those results based
on using a phenomenological composition-independent
Flory y parameter.

The level of consistency between yu and —pn 10%(6H)Y/
242 seems to be best for nearly symmetric compositions.
For both values of y the two quantities have the same
dependence on f. The magnitude of yu for y = %4 is such
that any small deviations can cause a sign change, and
this turns out to be the case for the fuiger > 0.5 portion
of the —g1,"132(6H)/25f2 curve. Hence, the interpretation
of this as a y parameter for diblocks, in analogy with
that for the blend, is probably not reliable for quantita-
tive purposes.

Finally, the values for the “y parameter” from Figure
10 are also listed in Table 5, and can be compared to
—AE in Table 4. Note that there is no unique correla-
tion between these quantities. As we pointed out in
section II.B, for the case of polymer blends, —AE and
—R(AH)/28¢? will be close if the composition dependence
of the pair correlation functions is sufficiently weak. For
fstitrer = 0.5 the estimated thermal y parameters in Table
5 are large (since B¢ ~ 1 in the experimental tempera-
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Table 5. Composition Dependence of g, 'dH/f(1 — f) and
—om ™ 182(6H)/25f2 for Block Copolymer Models “A” (Ty = 1,
I's = %5) and “C” (Ta = 1, I'g = 5/4) for N = 500

—(8%/28f2)(0H/grfe) (6H/omPeYR1 =
fatiffer y="%s y =5 y="4s y =%
0.1 0.510 0.465 0.305 0.320
0.3 0.151 0.0528 0.171 0.120
0.5 0.101 0.00148 0.126 0.0645
0.7 0.0539 —0.0424 0.0891 0.0319
0.9 -0.181 -0.259 0.0283 0.0170

ture window) and much bigger than the corresponding
athermal values in Table 2.

VII. Summary and Conclusions

In order to investigate the purely entropic driving
force for microdomain formation in flexible diblock
copolymer liquids, we have carried out calculations on
model athermal, structurally asymmetric diblock melts.
The use of PRISM integral equation theory, which has
the ability to describe monomer packing on all length
scales, is essential in order to characterize both local
and long wavelength density and concentration fluctua-
tions. Moreover, as discussed by both Dudowicz and
Freed® and Schweizer and Curro,63¢ compressibility
effects even at high density are important with regard
to the interpretation of scattering data. That is, in
general, the three unique partial structure factors can
be quite different from each other and can therefore lead
to different estimates of the effective y parameter,
depending on which block dominates the scattering
intensity. The most striking illustration of this is the
general nonequivalence of the partial structure factors
on the k* scale (see Figure 4). This can lead to large
differences (even sign changes!) in the value of an
effective y parameter, depending on which component
is labeled and how y is extracted.

In this work we also tried to assess the validity of
using thermodynamic perturbation theory to calculate
the enthalpic effective y parameter. This approach only
has a rigorous theoretical basis in the case of phase
separating blends, where the wavevector of instability
is k = 0, but for large N diblocks it may also be valid.
Although we do not want to dwell on the precise values
(due to the ambiguity in defining an enthalpy of mixing),
there is clearly a composition dependence to the thermal
x parameter, and this could be significant when used
in predicting the phase boundaries of such systems. We
attempted this perturbative estimate to study an alter-
native, and much simpler, way of calculating the tem-
perature dependent quantities based on the structural
correlations in the athermal system and to compare the
magnitudes of the thermal versus the athermal contri-
butions to the y parameter. Of course, for a direct (and
more meaningful) comparison with experimentally de-
termined y parameters, it is much better to fit the
predicted structure factors at peak wavevector based on
PRISM theory which explicitly accounts for the tail
potential modification of liquid structure. This method
has been employed for symmetric copolymers,!? but the
calculations are numerically more involved than those
presented here. Future studies will concentrate on
extracting x from the predictions of §-1(k*) versus /T
for these asymmetric copolymers and comparing those
results to the perturbative estimates presented in this
paper and experimental measurements.’? These more
sophisticated methods also include “fluctuation stabi-
lization” effects at low temperatures!” which are ne-
glected in a thermodynamic perturbative approach.
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We have not predicted the phase behavior for diblock
copolymer systems. Rather, we have investigated the
relative stabilities of athermal melts of varying struc-
tural disparity [i.e. S(*) versus y]. We have found that
for a series of copolymers in which a common component
is present, the local and longer wavelength correlations
associated with this component can be altered by
changing the conformational properties of the variable
component. For example, the efficiency with which the
subunits on the common block can pack can be adjusted
by changing the conformational properties of the vari-
able component. Of course, phase behavior of real
copolymer and blend melts are often reported in terms
of transition temperatures, even in the case of the
polyolefins. Within PRISM theory based on the molec-
ular closure schemes,?® the study of the thermal phase
stability requires as input these structural correlations
in the athermal limit. Hence, our present work provides
a starting point from which to investigate block copoly-
mer thermal phase behavior.

In conclusion, our most important points can be
summarized as follows: (i) Both the local and 1/&* scale
intermolecular properties of a common block can vary
significantly depending on the characteristics of the
block to which it is attached. This is seen as “induced”
packing modifications in the athermal pair correlation
functions of the common block and as a strong depen-
dence of the common block collective structure factor
on the stiffness of the second block. (ii) Non-zero
thermal y parameters can be generated as a result of
nonrandom mixing at the local length scale. This
suggests that even for systems having no net difference
in interaction energies (y, = 0), segregation can still be
enthalpically driven. This does not imply that excess
entropic contributions to the y parameter are not
important, although they appear to be small relative to
the critical y values for aspect ratios typical of flexible
polymers. Noncombinatorial entropic interactions are
expected to play an important role for polymers with
relatively large aspect ratios®*%® and nematogens.10 (ii)
For conformationally asymmetric copolymers a com-
pressible description of the liquid is essential. This is
because both positive and negative deviations of the
partial structure factors from the IRPA description are
possible. (iv) Our predictions for the athermal diblock
melt can best be tested by computer simulations of the
same model. Comparison with experiments assumes the
adequacy of the athermal model for describing the real
fluid, an assumption which appears to be unreliable on
the basis of our perturbative estimates of thermal
contributions and prior PRISM analysis.16%6 (v) Finally,
we emphasize that for chain lengths relevant to experi-
ment, explicit thermal effects or “clustering” manifested
as temperature dependent intermolecular correlation
functions and effective compositions may be very im-
portant and could have important consequences regard-
ing the dynamics of such systems.
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Appendix A: Intramolecular Distribution
Functions

The site—site intermolecular distribution functions,
Dapymr(k), for the discrete counterpart to the Koyama
wormlike chain have been calculated by Honnell et al 48
These functions are characterized by a bond bending
energy, Ey(ri3), which is proportional to the cosine of
the angle formed by three consecutive beads as shown
in Figure 1, a bond length /, and a hard-core diameter
d. From these parameters, it is straightforward to
estimate the so-called aspect ratio, I, of the chain by
equating the end-to-end distance of a Gaussian chain
of the same length to that of the semiflexible model as
in eq 3.2. Listed in Table 1 are those parameters used
in this study.

The form for dq,m(k) needed to compute the in-
tramolecular distribution function matrix, €, is given
in ref 48 for homopolymers, and we make a simple
extension of this for copolymers. Within a given block
of species M, we have

. _sin(Byk) _, o
waMyM(k = '———BMk e M (A1)
where

AjZ= %(1 ~ C\)Taained) (A2)
By’ = Cyr aMyM2> (A3)

4
Oy = %(5 - 3MM2—>2) (A9)

(r aMyM )

The expressions for the second and fourth moments of
the distribution are rather lengthy and are not repro-
duced here. The explicit formulas for these as functions
of bond length, local bending energy, and |a. — y| can be
found in ref 48. For the case of the off-diagonal
elements, the quantity ®qa,5(%) is approximated by the
Markov product,

sin(kl)

d)O.A‘yB(k) = d)aANAA(k)—kl—wNA+1B7B(k) (A5)

With use of this approximation, the double summation
required to calculate (2am(k) can be rewritten as a
product of single summations over homopolymer-like
distribution functions.
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