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Summary. The lattice cluster theory of corrections to Flory—Huggins theory is
applied to binary compressible blends (at a pressure of one atmosphere) that are
formed by polymers having structured monomers. Calculations are performed in
the high molecular weight limit for the dependence of the small angle neutron
scattering effective interaction parameter y., on composition @;, monomer
structure, microscopic interaction energies, and temperature. The limiting high
molecular weight y,(®,) curves have an overall general parabolic behavior with
center, curvature, and magnitude that vary significantly with monomer structures
and with interaction energies. The latter variation is stronger and occurs even at
constant Flory—Huggins interaction parameter x{¥ where incompressible blend
models cannot describe the strong dependence on the self-polymer-polymer-
interactions obtained here. A quasi-athermal limit, in which y (&) is nearly
temperature independent, appears for high molecular weights only when y137 is
vanishingly small. Phase diagrams are studied by evaluating the cloud points for
coherent scattering from binary blends. Blends with negative yf% have only a
LCST, but ones with positive x4’ may have closed loop phase diagram or both
LCST and UCST. However, one of the latter two critical points may be
unobservable due to an intervening glass transition or because of thermal
degradation.
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1. Introduction

Polymers are essential components in all biological systems and in a wide variety
of advanced materials. Polymers may be found in solutions, as liquids, glasses,
crystalline materials, micelles, liquid crystals, and gels. They may be studied in
static or flowing systems and under equilibrium or highly nonequilibrium condi-
tions. The rich variety of phenomena associated with polymers is now accepted
to be a direct consequence of the extended nature and internal flexibility of
polymer chains.
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Fig. 1. Examples of two
short linear polymer chains
| of species 1 and 2, with
N,=12 and N, =16
monomers, respectively, on
a square lattice (z =4).
Nearest neighbor
monomers interact with

| attractive van der Waals

| energy ¢; (,j =1, 2).

- — Dashed lines represent the
interactions between
monomers of different
polymer species

Early theoretical studies of polymers [1] centered on the description of their
properties in dilute solutions [2], on the one hand, and in concentrated solutions
or the liquid state (called the melt) on the other hand. Meyer [3] first suggested
that the entropy of mixing for long-chain polymers with small solvent molecules
could be calculated by using a lattice model in which the monomers of the
polymer chain occupy the same kind of sites as solvent molecules. This model is
depicted in Fig. 1 with two polymer chains of different polymer species on a
square lattice. The polymers of a given species are represented in Fig. 1 by
sequentially bonded sets of monomer units such that no two monomers occupy
the same lattice site. All sites not occupied by polymers are taken by solvent
molecules for concentrated polymer solutions, or they remain empty and thus
model excess free volume in treatments of compressible polymer systems. Figure
1 presents the polymer chains as being completely flexible. This model therefore
represents the polymers as self and mutually avoiding random walks on a lattice.
Computation of the systems’ (athermal limit) packing entropy proceeds accord-
ing to the usual statistical mechanical definition relating the entropy to the total
number of configurations available to the system.

The lattice model also includes attractive van der Waals interaction energies
between nonbonded nearest neighbors. Those involving monomers of different
polymer species are depicted by dashed lines in Fig. 1. A binary polymer blend
has the three attractive interaction energies &, &, and ¢,, between the respec-
tive nearest neighbors lattice pairs. The introduction of these interaction energies
enables computations of all thermodynamic properties for polymeric systems.

The counting problem posed by the enumeration of all configurations
available to self and mutually avoiding polymers on a lattice has been formidable
[1, 4-6]. The mean-field treatments of Flory [1, 7-9] and Huggins [10] for long,
linear, flexible polymers represented a major breakthrough in providing what has
become probably the most widely used theory for the thermodynamic properties
of polymer systems. These lattice models have played an important role in
developing statistical mechanical theories of, for example, polymer solutions [1],
gels [11], the polymer glass transition [12], liquid crystals [13-17], rubber
elasticity [18, 19], and the segregation of two or more polymer species {20, 21].
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Standard Flory—Huggins mean-field approximations replace the strict con-
straint of single occupancy at each lattice site by probabilistic arguments for the
site occupancy [1]. As an illustration, the Helmholtz free energy of mixing A4F™>
for two kinds of polymers in the incompressible liquid phase (called a blend)
emerges in the well-known form involving a combinatorial entropy and an
energy of mixing [1]:

AFmix ¢l
In 1 1.1
leBT M, ¢1+ n¢,+ 117 1 ¢,, (1.1

where N, is the total number of lattice s1tes, ¢, is the fraction of sites occupied
by species i (usually called the segment fraction), and M, is the number of lattice
sites occupied by a single chain of type i. The Flory—Huggins theory interaction
parameter y¥ is obtained from the nearest neighbor attractive neighbor van der
Waals energies &; as:

$»

x13 = 2(eqy + &y — 281,) [(2kp T), (1.2)

where z is the number of nearest neighbors to a given lattice site (called the
lattice coordination number). In practice, yi2’ in Eq. (1.1) is treated as a
phenomenological parameter, and the free energy of mixing then becomes
independent of any lattice model parameters. Flory obtained Eq. (1.1) by
sequentially placing uncorrelated, but connected, monomers on the lattice,
whereas Huggins used a more sophisticated counting scheme which begins to
account for the short-range correlations associated with individual bonds [22].
The Huggins approach differs from Flory’s by a small additional contribution to
the entropy of mixing that depends explicitly on the lattice coordination number
z. Lack of knowledge of the appropriate value of the z for realistic polymer
systems and the greater simplicity of the Flory one-parameter theory led to the
widespread use of the Flory form [Eq. (1.1)], which has been termed Flory-—
Huggins theory to respect the independent contributions of Huggins.

The mean-field expression of Eq. (1.1) displays a blend as having a very small
entropy of mixing because of the high polymer molecular weights, i.e., the large
number of segments M, on a single polymer. In addition, estimates of the
1nteract10n energles ¢; from molecular polarizabilities lead to the expectation that
¥ in Eq. (1.2) is generally positive, giving an unfavorable heat of mixing.
Consequently, the Flory—Huggins prediction of Eq. (1.1) implies that long-
chain, flexible polymers would not tend to mix in the liquid state, and this is
generally observed. However, blends are useful as precursors to a variety of
composite materials, so considerable effort has been devoted to find polymers
that mix (blend) in the liquid state and to find some principles guiding polymer
mixing. Unfortunately, standard Flory—Huggins theory of Eqgs. (1.1) and (1.2)
and its straightforward generalizations offer no such guidance.

The Flory formulation in Eq. (1.2) displays the interaction parameter y as
independent of composition and molecular weights, proportional to 7', and
energetic in origin. However, when y is treated as a phenomenoiogical parame-
ter, comparisons with experiment show y to depend on polymer concentration
and molecular weights and to contain both energetic and entropic contributions
[1, 22-26]. Often the entropic contribution to y greatly exceeds the enthalpic
one. These empirical observations strongly conflict with the predictions derived
from the original model and leading to Eqgs. (1.1) and (1.2). Therefore, there
must be errors in either the lattice model, the mean-field approximation of Flory,
or both. The improved counting scheme of Huggins provides an entropic
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contribution to y that is too small in magnitude to explain the experimental
results. Koningsveld and Kleitjens [27] and Kurata et al. [28] have applied
Guggenheim [29] -Huggins-type counting arguments to the energetic term y in
Eq. (1.1) and thereby describe a composition-dependent heat of mixing [28, 29].
However, their formulation is replete with phenomenological parameters with
only a vague molecular basis [27].

In order to rectify some of the above deficiencies, Flory developed what is
now called the equation of state theory for the statistical thermodynamic
properties of polymer systems [24, 30, 31]. The approach combines statistical
mechanical models with thermodynamic phenomenology: It utilizes the combina-
torial entropy of mixing in Eq. (1.1) and a simple one-dimensional statistical
mechanical model to describe the entropic contribution from free volume in
perhaps a more realistic form than that provided by introducing voids into the
standard lattice model. However, equation of state theories are still forced to
introduce a phenomenological parameter corresponding to the entropic contribu-
tion to the interaction energy parameter y, a contribution of completely uncer-
tain molecular origins. Composition dependences in heats and entropies of
mixing are modeled by Flory following the work of Prigogine and co-workers
[32] by considering polymers to interact through those parts of the molecule that
lie on the vaguely defined “‘surface™ of the randomly shaped polymer. However,
the relevant surface fractions are incalculable, so they are relegated to additional
phenomenological parameters. Recent analyses [33] show that the introduction
of a similar type and number of phenomenological parameters into the mean-
field lattice theories leads to roughly comparable and therefore operationally
equivalent resuits.

Our interest lies in developing a systematic theory of polymer melts, blends,
concentrated solutions, gels, etc. (we term these systems polymeric fluids) that is
capable of explaining the molecular origins of the large observed entropic
contribution to the phenomenological interaction parameter y,5 and of explain-
ing the pressure, temperature, molecular weight, and composition dependences
of this phenomenological parameter. Central to considering a molecular based
theory is the establishment of relations between monomer structure and their
interactions with the physical properties of melts, blends, and concentrated
polymer solutions. We now briefly digress to mention certain aspects of the
theory of polymers in dilute and semidilute solutions to assess whether the lattice
model is most likely the source of inadequacy in FH theory.

The standard lattice model of self and mutually avoiding polymers with
nearest-neighbor nonbonded van der Waals interactions (Fig. 1) has been widely
used in conjunction with Monte Carlo simulations to predict correctly a wide
range of subtle properties of dilute and semidilute polymer solutions [34], and
simulations are being extended to the more concentrated regimes [35, 36]. The
robustness of the lattice model for describing dilute and semidilute polymer
solutions suggests that this model should also be of great utility for polymeric
fluids and therefore that many deficiencies of Flory—Huggins theory lie with the
mean-field approximation of Flory. It is, of course, likely that the transition from
the dilute and semidilute solutions to the concentrated limit of polymeric fluids
introduces additional physical phenomena that are no longer correctly repre-
sented by the lattice model. We note also that analytical theories, which agree
both with Monte Carlo simulations and with experiment, are currently available
for treating the equilibrium properties of polymers in dilute and semidilute
solution [37]. We therefore seek to employ and extend the lattice model to
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provide an equally accurate representation of the equilibrium statistical mechan-
ics of polymeric fluids.

The next section summarizes a general scheme for systematically solving the
lattice model as well as a generalization of the lattice model in which
monomers are given specific molecular structures by allowing them to extend
over several lattice sites. The free energy of polymeric fluids is obtained as a
cluster expansion in which the Flory—Huggins mean-ficld approximation is
recovered in zero order [38-46]. The cluster expansion is arranged as an
expansion in the inverse of the lattice coordination number and in the Mayer
Jf-functions:

Sy =exple;) — 1 (1.3)

where the &; depend on the species occupying sites i and j. Although our
original derivation [38-46] of this cluster expansion employs mathematical
methods of field theory and particle physics [47-49], several results [46] de-
duced from those field theoretic methods enable us to present a rather simple
algebraic derivation [50-53] of the cluster expansion that does not necessitate
the use of field theory.

Section 2 provides the simple algebraic derivation of the cluster expansion for
evaluating the lattice model free energy of a compressible binary polymer blend.
The derivation is given for the simple case of flexible linear polymers, but
previous papers discuss the generalization of this model to polymers in which the
monomers are taken to have internal structures and therefore to occupy several
lattice sites [43—45]. Such a generalization is important in modelling the proper-
ties of real polymers for which the monomers, the solvent molecules, and voids
generally have different sizes and shapes. Section 3 presents new results com-
puted for the extrapolated zero angle neutron scattering effective interaction
parameter x., of binary polymer blends. Paper II discusses [53] the monomer
structure, pressure, and composition dependence of y,, for low polymer molecu-
lar weights, where the resultant molecular weight dependence may be useful in
extracting the microscopic interaction parameters ¢, from experimental data. On
the other hand, Sect. 3 focuses upon the high molecular weight limit in which x4
becomes independent of the M,. As we vary monomer structures and the
microscopic energy parameters, the large M, limiting ., is found to display
several characteristic shapes as a function of composition, in general accord with
observations. We also consider the typical temperature dependences of y, . and
their variation with composition and monomer structures. Interest also centers
on the behavior of the high molecular weight limit of quasi-athermal blends in
which y,, is insensitive to temperature.

Section 4 analyzes the phase diagrams of compressible polymer blends by
studying how cloud point curves depend on microscopic interactions, monomer
structures, and molecular weights. Interaction parameters ¢; and monomer
structures, determined in paper III by fitting [54] data for y,,, AH™™, and AV™*
of PS(D)/PVME blends, are used to compute the cloud points for this system.
The computations have no additional adjustable parameters and are in good
agreement with the experiments of Han et al. [55]. Miscible compressible blends
(with ¥ < 0) yield lower critical solution temperatures that vary considerably
with monomer structures, microscopic interaction energies, and molecular
weights. More interesting behaviors arise for net repulsive interactions (with
¥ ¥ > 0), where closed loop phase diagrams may appear and where there may be
both lower and upper critical solution temperatures. However more work is
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necessary to determine how systems must be chosen in order that both critical
temperatures lie in the accessible range between the glass transition and thermal
decomposition temperatures. Those readers most interested in the applications
may skip directly to Sect. 3.

2. Lattice cluster theory of compressible binary polymer blends

This section briefly describes the lattice model and our method for its system-
atic solution. To maintain simplicity of presentation, we describe the theory for
binary blends of linear chains. The application in Sects. 3 and 4, however,
considers polymer chains that are composed of structured monomers.

2.1. Model of binary polymer blends

The standard lattice model of a binary polymer blend depicts the two species of
polymer chains as sets of N; and N, identical monomers lying at the lattice sites
of a regular array and joined, respectively, by N,—1 and N,—1 sequential flexible
bonds. Excluded volume constraints prohibit any two monomers from occupying
the same lattice site. The lattice structure determines the possible conformations
for the n, and n, polymer chains of species 1 and 2, respectively. n, unoccupied
lattice sites, called voids, model the free volume with void volume fraction
¢, =n,/N,. While the lattice model of monatomic fluids is a rather poor
representation of reality, mostly because voids and molecules are taken as having
the same size, lattice models of polymeric fluids, which do not suffer from this
problem, are likely to be better. Although, there is no limitation on introducing
arbitrary lattices, we consider only hypercubic lattices with coordination number
z = 2d, where d is the dimensionality.

The extended lattice model permits monomers of a given species to cover
s, > 1 lattice sites, so each chain occupies M, = N,s, sites. This extension allows
us to distinguish between different polymer architectures and to investigate the
influence of monomer molecular structure on the thermodynamic properties of
blends. The structured monomers of polymer species a and f interact with
nearest neighbor attractive van der Waals energies ¢,5. Since all monomer
portions are taken, for simplicity, as energetically equivalent, there are only three
independent energies ¢;,, &,, and ¢;,. These microscopic energies, together with
temperature, molecular weights, and blend composition {as represented by the
volume fractions ¢, = n;N,s,/N,, (satisfying ¢, + ¢, + ¢, = 1) or by the composi-
tion variables &, =1— &, =n;N,s;/(n, N5, + n,N,s,)] are input parameters in
the lattice cluster theory (LCT).

The position of the ith lattice site (with respect to the origin of coordinates)
is designated by the vector r;. Two lattice sites / and j are nearest neighbors when
their positions r; and r; are related to each other by:

r,=r;+ag (2.1)

where the a; (f =1, ..., 2) are the vectors from the lattice site i to its z possible
nearest neighbors. It is useful to represent a nearest neighbor constraint from Eq.
(2.1) by using the Kronecker delta function:

0, j + B) = o(r,, r; + ag). (2.2)
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2.2, Packing entropy in the athermal limit for blends of linear polymer chains

2.2.1. Analytical representation of the lattice model. The system contains », and
n, monodisperse linear polymer chains with polymerization indices N, and N, for
polymer species 1 and 2, respectively. The polymer chain conformations are
described in the lattice model by specifying sequences of monomer locations at
lattice sites. The athermal limit packing partition function involves the sum over
all possible configurations of the n, = n, + n, polymer chains and can be written
exactly with the aid of Eq. (2.2) as:
2 1
W(n,, ny, Ny, Ny) = H

n
“=1nu!2 K

)

i1 :1 b
gl # - #iy

#i},z#i;.z?‘*"'#i;vi,z

-1 A1 gl
Flg F o # F iy,

2 2 g2
Flp, E o, # F iy,

N, —1 z

x I”I{H ) 5(is,m,iz+1,m+ﬁz,m)}. (2.3)

ty=1 ffy=1

The first bond on the first chain of species 1 enters into Eq. (2.3) with the factor
of zi},w‘i] Zﬂh 8(il,, i3, + B1.), where the superscript labels the species (1 or
2), the first subscript indicates the sequential monomer numbering along the
chain, and the second subscript specifies the chain number of a given species. The
next bond in this chain contributes to the partition function a factor of
Y1, gy, 051, d3,+ B3,) with the obvious excluded volume constraint
between the nonbonded first and third monomers 7}, # i} ;, etc. This process is
continued for all bonds and all chains. A factor 1/(n,!2") for each component
4 =1, 2 accounts for chain indistinguishability and for the identity of chain ends.
The excluded volume constraint ij; # - - - # i%, ,, prohibits any two monomers
in the system from occupying the same lattice site. This constraint in the
summation of Eq. (2.3) is also applied to bonded monomers only for notational
symmetry since the Kronecker deltas in Eq. (2.3) automatically produce vanish-
ing contributions from unphysical one-bond loops [52].

2.2.2. Flory mean field approximation. The exact representation of Eq. (2.3) of
the lattice model enables us to extract the mean field Flory—Huggins approxima-
tion as zeroth order and to expand the remainder in terms of contributions
generated by successively larger scale correlations. In order to derive this
expansion, each of the Kronecker deltas in Eq. (2.3) is first replaced by its lattice
Fourier transform:

8G,j+B) =N;' Y explig - (r; —r, — ap)], (2.4)

where N, is the total number of lattice sites and the wave vector summations
index ¢ runs over the first Brillouin zone. Summation of (i, j + ) in Eq. (2.4)
over all bond directions f =1, ...,z and rearrangement produce:

oG +h =y {1 +2 ¥ flg) explig - (ri—r,-)l}, (2.5)

q#0
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where the ¢ = 0 term has been conveniently separated and where the nearest
neighbor structure factor is:

z

flg) = ﬁZl exp( —ig - ag). (2.6)

Equation (2.5) is now substituted into Eq. (2.3) for each Kronecker delta. Thus,
each bond, labelled by the three indices &, m, and p, introduces the “momentum”
vector g4 ,. The packing partition function of Eq. (2.3) is then transformed
exactly into:

2 1 n, Ny—1 z
=M, 2. T 0[5

;2
p=10, e ER =1 =1

1 .
x {14-— )y fTQQm)CXpUQZm'('#m‘—V¢+lmﬂ}- 2.7)
Z gl #0 ’ ’
When a single bond correlation correction is defined as:
1
Xt,=— Y flgh,)expligh, (e —rp ) (2.8)
Z qlzm # 0 o o+ 1m
and is inserted into Eq. (2.7), the resulting expression:

2 ny, NH—I
W%%MM=H1 ) Ilﬂﬂﬂnmm%m

' "#.1 22
H‘—‘lnu'z ’1,1¢"'#’N2,n2mu=1 a“=1

is shown below to exhibit the form of a cluster expansion that bears a
strong similarity to the virial series of Mayer. The totally uncorrelated contri-
bution in Eq. (2.9) arises from the factors of unity in braces [the ¢ =0 terms
in Eq. (2.5)] from all bonds and yields the Flory—Huggins mean field approxima-
tion:

WMF(nl?nz,Nl,N2)=1£[ 1 Z H ﬁ [i] (2.10)

n
u=1nu!2”i{>l# Fil oy Mu=1 m=1 N,

Carrying out the summation and products simplifies Eq. (2.10) to:

2
21 N, 7T mW—D
WMy, ny, Ny, Np) = 1 — e [ﬁ}ml , (2.11)
wol e (Nl_ 2 Nun#>! !

=1

which may be shown to recover the classic Flory—Huggins combinatorial
packing entropy of mixing [1] (with self-reversal included) for a binary compress-
ible polymer blend. Corrections to the mean field partition function W% are
discussed below.

2.2.3. Cluster expansion for corrections to the Flory—Huggins packing en-
tropy. The quantity X%  of Eq. (2.8) depends on the positions of the two
segments forming the ath bond on the mth chain of polymer species u. These
X%, produce the corrections [to the Flory—Huggins approximation of Eq.
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(2.11)] as arising from correlations in monomer positions. Expanding the
product in Eq. (2.9) naturally generates the cluster expansion:

n, Ny—1
[T IT +xe)=1+ % X4+ Y Xom Xt

my=1 o,=1 oty (ot iy ) > (W50, ), )

(2.12)

where the notation (u, a,,m,) > (u’, &), m, ) indicates that the summation in
Eq. (2.12) runs over all distinct pairs of bonds in the system. When Eq. (2.12) is
substituted into Eq. (2.9), the linear terms in X%, from Eq. (2.12) emerge as
one-correlating bond contributions, the quadratic terms as two-correlating bond,
etc., contributions. Thus, the packing entropy partition function may be written
as:

W(nlanb Nla NZ) = WMF(nlanz’ NlaNZ)
2
y (Nl— y nﬂNu>!

1 L=l
+ N,

)} [ Y X

i1 ;2
iy #* # lNzﬂz Moty i12y,

+ Y Xu X8+ ] . (2.13)

(o mmy) > (Wsa, my o)

Performing all summations in Eq. (2.13) leads to the more compact form:
W(n,, ny, Ny, Ny) = W"(n,, my, Ny, N,) [1 + Z Vp(ny, nyy Ny, N2)DB] , (2.14)
B

where the summation in Eq. (2.14) may be represented diagrammatically as
described by Nemirovsky et al. [42] for the original field theory formulation. The
value of a given diagram with B correlating bonds is the product of a monomer
structure independent connectivity constant D, and a monomer structure depen-
dent combinatorial factor y,. (See papers I, II, and references therein for more
details.) The sum over B in Eq. (2.14) is understood to designate both a sum
over all diagrams with B bonds and a sum over B.

Athermal limit packing entropies follow simply from the Boltzmann defini-
tion:

S(ny, 1y, Ny, Ny) =k In W(ny, ny, Ny, Ny)

=kIn WMF(”1,”25N1,N2) +kin [1 +Z yp(ny, 1y, Ny, Nz)DB:I-
B

(2.15)

Expansion of the logarithm in the right-most term in Eq. (2.14) and formation
of cumulants serve to cancel exactly the unphysical (hyper-extensive) contribu-
tions from individual diagrams in Eq. (2.14). After some rearrangement, the final
expression:

S(ni, ny, Ny, Ny) =k In WM (n,, ny, Ny, N,) + k z yp(my, ny, Ny, Nz)DB](C)
B
(2.16)
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provides the noncombinatorial portion of S(n,,n,, N, N,) as a sum of the
contributions from cumulant cluster diagrams [y, (n;, 1y, Ny, N,)D]© that are
described more fully in Ref. [52].

2.3. Helmholtz free energy for nonathermal blends

2.3.1. Partition function for interacting binary polymer blends. The lattice model
of polymer fluids contains both short range repulsions and longer range attrac-
tions. The former are described by the excluded volume constraints prohibiting
any two monomers from lying at the same lattice site, while the attractive
interactions are introduced by ascribing a van der Waals attractive energy &7, to
each pair of species u and 4 monomers that occupy nearest neighbor lattice sites
i and j (as in Fig. 1). The partition function Z(n,, n,, N1, N,) for the interacting
system, therefore, must include the Boltzmann factor:

2 .
exp[ DI I sf{l], 2.17)
u=1lisuies,
je sy
where S, designates the set of lattice sites occupied by polymer segments of
species u, etc. All energies ¢,; in Eq. (2.17) are expressed in units of k7, and the
prime on the sum in (2.17) implies the constraint that when u = A, we require
j<i
The total configurational partition function Z(n,, n,, N7, N,) is obtained by
inserting Eq. (2.17) into the summand on the right-hand side of Eq. (2.3) as:
2 1 n, Ny-—1 z

Z(nlan2>N1:N2) = l_[ n !2,,”.1 Z 1_[ I—[ Z 5(ig,maig+1,m +ﬁ5,m)
1

u=1", #"'#ij%z,nzm#=lau=lﬁ&fm=1
2 ae
xexp[z Yoy ’sj{l:l. (2.18)
=1).<uzeS
1651

The SH in the summation represents the set of occupied lattice sites
iy#Ee N and this ties the summation indices i and j in the van der
Waals energy *factor to those in the outer summation emerging from Eq. (2.3).
Thus, i and j in Eq. (2.18) run over all pairs of lattice sites that are occupied by

monomers of species u and 4, respectively.

2.3.2. Mayer-like Cluster expansion for attractive interactions. The Boltzmann
factor in Eq. (2.17) may be rewritten in terms of Mayer f-functions:

S = exple,s) — 1 (2.19)

as the product form:

2 2
ew| $ T S |- T I IT 1+ £ a6+ mss | @20
u—14<uzeS =1A<yu IES
je S}_ je S )
where the prime on the product has the same meaning as that on the sum in Eq.
(2.17) and the Kronecker delta arises from the nearest neighbor character of the
attractive interactions. Expanding the product of Eq. (2.20) in the usual Mayer
fashion yields the cluster expansion:
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2

111 1T [1+ ) 5(!}+B)f,u]—1+ S Y Y TG+ A

p=1i<pies, =1lAgspuf=1izj

JESA
2 z
+ Y 3y ¥ Y 0G, j+ PG, j + BV fouSuwr + . (2.21)
oy =1 ;ju’ BB =1GzN*E=))
< H

The right side of Eq. (2.21) along with identity Eq. (2.4) for each 6(;,j + f) is
inserted into Eq. (2.18) to generate a double cluster expansion for the partition
function Z(n,, n,, N;, N,). When this is done, the 4 =0 terms in the energetic
contribution to Z(n;,n,, N;, N,) of Eq. (2.21) may be separated into two
categories. Those contributions remaining in the thermodynamic limit provide
the leading Flory—Huggins interaction energy and a simple renormalization of
the Mayer f-functions as described in Appendix A of Ref. [52]. The evaluation
of the remaining ¢ # 0 contributions from the combination of Eq. (2.5) and the
expansion of Eq. (2.21) then proceeds almost identically to that for the packing
entropies in Eqgs. (2.13)~-(2.16) [52].

The Helmholtz free energy F(n,,n,, N;, N,) is thus obtained from the
partition function Z(n,, n,, N, N,) through:

F(ny, ny, Ny, Ny) = —kpT In Z(n,, n,, Ny, N,). (2.22)

The diagrammatic representation of Eq. (2.22) may be represented symbolically
as:

_F(nI:nZ:NlaNZ)

lIl WMF(nlanZs N15N2)+Nl Z Z f:u/l¢,u¢l
kBT -—1]__
+In {1 + Z Vp(M1, Ay, Ny, NZ)-DB,I} > (2.23)
B

where W™¥(n, n,, Ny, N,) and f,; are given by Egs. (2.11) and (2.19), respec-
tively, and where the quantities Dy, and y,, are generalizations of the Dy and y,,
of Sect. 2 to a new class of diagrams that contain / f~bond interaction lines in
addition to B correlating bonds. The sum over B and / in Eq. (2.23) denotes both
a sum over all different diagrams with B bonds and / f-function interaction lines
and a sum over B and /, excluding only B =/=0. The diagrams and their
evaluation are described in detail by paper I and references therein.

The standard procedure of expressing the Helmholtz free energy
F(n,,n,, N\, N,) as a direct sum of diagrammatic contributions employs the
expansion of each Mayer f-function f,; in Eq. (2.23) as a power series in ¢,; and
the subsequent expansion of the last logarithm in Eq. (2.23) as a Taylor series.
Collecting the resulting contributions with a given power of ¢,; into cumulants
ensures the exact cancellation of higher order terms in N;. The free energy is then
written in the form:

F N, N.
_—(—ﬂﬂz_’_l—_zz_l WMF(nlan2s N1=N2)+Nl Z Z ul¢u¢l
kT 2,
+ Z [yp.(ny, nyy Ny, Ny)Dp | @, (2.29)
B

where [yp (1, 1y, Ny, Ny)Dg ] are the generalized cumulant cluster diagrams of
Ref. [52] which reduce for / = 0 to the cumulant cluster diagrams in Eq. (2.16).
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The sum of the generalized cumulant cluster diagrams provides all corrections to
FH, while the two first terms of the right hand side of Eq. (2.24) are the ¢ =0
limit FH athermal entropic and energetic contributions, respectively.

3. Small angle neutron scattering effective interaction parameter y .
for binary compressible blends

Although the algebraic derivation of the LCT for the athermal limit packing
entropy in Eq. (2.16) and for the Helmholtz free energy of Eq. (2.24) of binary
compressible polymer blends is presented in Sect. 2 for linear chains, the final
expression of Eqgs. (2.16) and (2.24) are quite general and apply to polymers with
structured monomers, provided that the diagrams and factors y,, are suitably
generalized as described [52] in paper 1. Figure 2 displays some examples of the
vinyl monomer structures that are considered here. Chains of species a have
polymerization indices N, and monomers that occupy s, sites. The total number
of sites occupied by a chain of species a, the site occupancy index M,, is thus
M, =N,s,. The composition of these structured monomer blends may be
expressed in terms of volume fractions ¢, = n, M, /N,, nominal volume fractions
?, = ¢, /(1 —¢,) or experimental volume fractions that are defined in terms of
pure « melt volumes V, as ¢& P =V, (V| + V>).

3.1. Binary blend at constant pressure

After extending the theory to chains with structured monomers and after
computing and rearranging separate cumulant diagram contributions to the LCT
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Helmbholtz free energy of mixing, Eq. (2.24) becomes a polynomial in the volume
fractions ¢, and ¢, with the general structure:

Alex
LIRS X L RS R X W
leB iL,j=0
i+j<4
+¢,9, Z g(”)(f’ ¢J+¢2¢ Z g2 J)¢ ¢, (3.1)
l—l|—2;<06 l-li»2]_<06

where logarithmic terms provide the traditional FH combinatorial entropy of
mixing for a compressible blend and where the upper limits on the summations
arise because of the approximations used [52]. The coefficients g, gl’J’, and
25 in Eq. (3.1) are expanded in the inverse coordination number 1/z and in the
three microscopic interaction energies &;,, &,,, and &, (in units of k7). Using
symbolic notation, this double series is expressed as:

g = Z (2) " Ueu) CEP, (o # B) (3.2)

where for instance, terms in (g,;)® represent quadratic contributions like
&31, €11812, €11 62, etC. and &, =e¢,,. The coefficients C%) in Eq. (3.2) are func-
tions of the site occupancy indices M, and the monomer structure dependent
combinatorial factors N, N&, . .. that are defined in detail and are tabulated
[54] in paper III.

While the Helmholtz free energy F in Eq. (3.1) describes the thermodynamic
properties of a polymer blend at constant volume V, the Gibbs free energy
G = F + PV is designed for systems at constant pressure P. Converting the free
energy of mixing AF™ into:

AG™* = AF™* 4 P AV™> (3.3)

requires specification of the pressure and the computation of the volume change
on mixing. The former is evaluated from the Helmholtz free energy of Eq. (3.1)
as:

P= —Ma};mx - n2=[—ln¢ —(1=¢,) +%11+XZ
+ 10+ G101, + ¢2¢vp2v:| (ksT)/a’ (3.4
with
P2 = ”20 gL G+ + Do, — 1, (3.4a)
iti<4
Pav = ZO gL+ + Do, —(+ DL =12, (3.4b)
iYy<s

where a is the lattice constant that is assumed here to be temperature independent.
Equation (3.4) cnables the numerical determination of the void volume fraction
¢, as a function of P, M, M,, T, and a for arbitrary blend compositions &,.
Analogous equations of state can be derived for pure melts from the free energy
of mixing AF}* that is obtained from Eq. (3.1) by setting ¢, =0 (f # ).
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The pressure P@ of a pure melt « thus emerges from the melt analogue of Eq.
(3.1) as:

DA™

P@® = _
ov

[0 -a- o0
— @

+ 828 4 g - ¢5°°)pw] ksTja®,  (35)
where p,, is given by Eq. (3.4b) with ¢, = ¢® and ¢, = (1 — ¢¥) and where ¢@
denotes the void volume fraction in the compressible melt of pure component a.
The latter also determines the volume of mixing:

T,ny

(=P (1-49)

and therefore by Eq. (3.3) provides AG™*. We numerically invert Egs. (3.4) and
(3.5) to obtain ¢, = ¢,[n,, n,, n,(n;, n,, P,T)] and ¢ = ¢ (P, T) for insertion
into Eqgs. (3.3)—(3.6). Since the thermodynamic quantities are defined for a
stable homogeneous one-phase blend, stability must be checked for each set of
M,, P, T, &, and a used in computations. A binary polymer blend at constant
temperature T and pressure P has only one stability condition:

0%G

o09?
The derivatives in Eq. (3.7) are readily evaluated numerically.

AV"’""=V—V1—V2=V<1 S _____¢ ) (3.6)

> 0. (3.7)

P,T

3.2. Definitions of small angle neutron scattering effective
interaction parameter J,q

The effective site-site Flory interaction parameter x,, is often defined (using the
incompressible random phase approximation) in terms of the extrapolated zero
angle neutron scattering function S(0) ! as:

1 1 1
=—|SO0) ' ——o— . 3.8
e 2[ O -3 Mchz] (38)
The blend composition variables in Eq. (3.8) are nominal volume fractions &,
that satisfy the condition @, + @, =1 and that are connected with the volume
fractions ¢; by @, = ¢, /(1 — ¢,). A slightly modified definition of y4:

, 1 » 1 1
Xegp = 3 [S(O) M1¢(lexP) - Mzd)(zexl,)jl (383)

contains the experimental volume fraction ¢ instead of &,. However, the
differences between x,, and y_, of Eqs. (3.8) and (3.8a), respectively, are rather
small and vanish in the long chain limit of M,, M, — co. The total (observed)
extrapolated zero angle structure factor S(0) is a weighted sum of the zero wave
vector partial structure factors S,5(0):

S(0) = p7811(0) + 2p1p, 512(0) + p355,(0), (3.9)

where the weights p; and p, are reduced scattering lengths that are normalized
such that p, — p, = 1. When the scattering contrast is complete and the scattering
is by monomers of species 1, the reduced scattering length of species 2 becomes
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p, =0, and Eq. (3.9) yields S(0) = S;;(0). The zero wave vector partial structure
factors S,4(0) are related to the chemical potentials y, and ug by:
—1 N ! 6:“'0(
S,5(0) MM, T o, T,V,uﬂ. (3.10)

Since the chemical potentials p; and u, can be easily evaluated from the free
energy of Eq. (3.1), Egs. (3.8) and (3.10) readily provide the effective interaction
parameter x. For simplicity, the calculations presented here just employ the
definition of Eq. (3.10) for the perfect scattering contrast assumption, but the
general case is readily treated.

Experimental neutron scattering data are sometimes analyzed [55] in terms of
a monomer pair interaction parameter y.; that is defined by:

Koy _ _1[3(0)1 ! ! ] (3.11)

Vo 2 Ve Nyvi ¢ 2 Nyvy ¢ gexP)

The reference unit cell volume v, = (v,v,) /2 is the geometrical mean of monomer
volumes v;, and v, in Eq. (3.11) denotes the cell volume associated with a single
lattice site. This y.s is related to yx.r of Eq. (3.8a) through the composition
independent factor (s;s,) "%

Yo = Xeg(s152) (3.12)
with s, being the number of lattice sites occupied by one monomer of species a.

3.3. Dependence of small angle neutron scattering interaction parameter y -
on molecular weights

Paper II studies [53] some features of the neutron scattering x., for binary
compressible blends, but the majority of the computations there involve low
molecular weights to emphasize the resultant molecular weight dependence that
emerges principally for low volume fractions of one of the blend components.
This low molecular weight limit is useful in experiments as providing information
to determine three independent microscopic interaction energies, but many
applications involve high molecular weights. Thus, we consider here the large
molecular weight limit and the transition to this limit. As the monomer molecu-
lar structure and the microscopic interaction energies are varied, the high
molecular weight limiting x5 is found to exhibit several characteristic shapes
with magnitudes dependent on the system and structure parameters. Hence, one
of our objectives is to illustrate these general trends.

The polymer molecular weights M@ are proportional to the site occupancy
indices M, as:

MY =MM3, /s, (3.13)

where M@, is the molecular weight of a single monomer. The compressible LCT
calculations of Figs. 3-14 for x are performed for the usual experimental
pressure of P = 1 atm, and they employ a simple cubic lattice with coordination
number z = 6 and the lattice constant a = 2.5477 A.

The influence of molecular weights on ., is further illustrated by comparing
Figs. 3 and 4, where all else is the same apart from the polymerization indices
which are 100 and 104, respectively. Component 1 has the monomer structure a
of Fig. 2, while component 2 has structure ¢. (In the following the component
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Fig. 3. Low molecular weight LCT small angle neutron scattering effective interaction parameter
X5 (®1) of a model a—c binary blend for various self-interaction energies &;; but constant &/
kpT =06 and g/kpT = —0.023 (T'=423.15K). The curves from top to bottom correspond to
e /kpT =045, 047, 0.5, and 0.6. The polymerization indices of two blend components are
N, =N, =100. The same a—c model binary blend is employed in Figs. 3-9, 13 and 14. Figs. 3-21
present x, . or cloud points for P =1 atm. Figs. 3-12 have T =423.15K

Fig. 4. High molecular weight limit LCT small angle neutron scattering effective interaction parameter
X5 {®1). All parameters are the same as in Fig. 3, except the polymerization indices which are taken
as N, = N, = 10*. The latter values well represent the high molecular weight limit N, » o0, a =1,2

Fig. 5. Molecular weight dependence of the LCT small angle neutron scattering effective interaction
parameter x,{®,) for one of the four model examples from Fig. 3 (¢;; = 0.47k5T). The curves are
Ny =N,=10% -+ N,=N,=500, and — — — — N, =N, =100

Fig. 6. Same as in Fig. 5 but for ¢, = 0.6k, T

scattering neutrons is always presented first.) All curves have the exchange
ENergy & =&+ &y — 261, = —0.023kzT, &,,=0.6kzT and T =423K. The
curves in Figs. 3 and 4 differ in ¢, (and therefore in &,,) to display the resultant
changes in the composition dependence of y,z. The low molecular weights in Fig.
3 introduce a rounding of the y,,(®,) curves at low and high compositions &,,
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Fig. 7. The LCT small angle neutron scattering effective interaction parameter y,,{(®,) for various
polymerization indices N; of component 1 and constant (but low) polymerization index N, = 100.
The microscopic interaction energies are the same as for one of four examples in Fig. 3
(611/kgT =047, eyf/kyT=06, and gfkyT = —0023). The curves are labelled as — - - -
N =50, —-—-—~ N, =100, - - -+ N; =250, and N, = 1000

Fig. 8. High molecular weight limit LCT small angle neutron scattering effective interaction
parameter x,,{(®,) for various self-interaction energies &;; but constant &,/kpT=2.5 and
g/kyT = —0.023. The (dashed) curves from top to bottom correspond to g, /kzT =12, 1.3, 1.5, and
2.5. The figure also shows (solid line) an example of an approximately linear dependence of x., on
&, that is obtained for e/kpT = —0.023, &), /kzT = 1.5, and &y, /ksT =1.0

Fig. 9. The same as in Fig. 8 but for a mode] c—a binary blend in which scattering occurs from the
c-monomer chains, while it is from the g-monomer chains in Fig. 8

Fig. 10. High molecular weight limit LCT small angle neutron scattering effective interaction
parameter y,{(®,) for different model blends but the same three microscopic interaction energies.
The curves are labelled as follows: a model a—/ binary blend, - - - - a model a—i binary blend
with 10 units in the side group, and — — — — a model a—c¢ binary blend. The interaction energies are
taken from one of the four examples in Fig. 4 (e/kzT = —0.023, &,,/kpT = 0.5, and &,,/k;T = 0.6)
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Fig. 11. Variations of high molecular weight limit LCT small angle neutron scattering effective
interaction parameter y,,{(®,) with monomer structure of the two blend components. The curves are
— —~— a model a—c¢ binary blend (s, =3 and 5,=75), a model k-! binary blend
(sy=5,=9),and — — — a model a—/ binary blend (s; = 3 and s, = 9). The microscopic interaction
energies are chosen as g/kpT = —0.023, ¢,,/kpT =12, and &, /kzT =2.5

Fig. 12. The same as in Fig. 11 but for a different self-interaction energy &, /kzT = 1.5

Fig. 13. High molecular weight limit small angle neutron scattering effective interaction parameter
X5 as a function of 1/T for various compositions of a model a—c binary blend. The curves are
®,=025,---- ¥, =0.5 and — — — @, =0.75. The upper set of three curves is generated for
efkgT, = —0.023, ¢, /kgT, =045, and &y, /k;T, = 0.6, while the lower set has ¢/kzT, = —0.023,
&, /ksT, =12, and e/k,T, =2.5 at T, =423.15K

Fig. 14. The same as in Fig. 13 but for different microscopic interaction energy parameters
efkgT, = —0.023, &5, /kzT,=0.6, and ¢, /kzT, =0.9 (upper set) and s, /kzT, =0.5 (lower set) at
T,=423.15K

but the central portions of the curves in Fig. 3 have the same shapes as in the
high molecular weight limit in Fig. 4. The curves in Fig. 4 are generally parabolic
in form, but the center and curvature vary with ¢;; at constant ¢. This behavior
is in stark contrast to the usual incompressible blend models in which . is
independent of ¢, (and molecular weights) at fixed &. The g, in Figs. 3 and 4
differ from ¢ because of local packing and interaction induced correlations that
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are absent in Flory—Huggins theory but that are included in the lattice cluster
theory. Figures 3 and 4 also exhibit general variations of y(®,) with |&,, — &x|
which are in accord with previous trends described [53] in paper IL.

Figures 5 and 6 show how varying molecular weight alters the composition
dependence of y,.. These two figures take one example each from the model binary
blends of Figs. 3 and 4, respectively, and present y, (@) for several molecular
weights. The curves from bottom to top in Figs. 5 and 6 correspond to N, = 100,
500, and 10* for both « =1 and 2. The rounding of the y,4(®,) curves for low
and high @, disappears at higher M, and y,, tends to increase with M, (see paper
IT). Further increasing N, beyond 10* has no influence on 4. Molecular weight
asymmetry is relevant only when one or more of the components has low molecular
weights. This is illustrated in Fig. 7 for a model a—c blends by using N, = 100
and the set N, = 50, 100, 250, and 1000, where again the rounding behavior at
small and large @, is a consequence of low molecular weights. Figure 7 also exhibits
the general tendency of x.; to increase with molecular weights [53].

3.4. Dependence of y.5 on monomer structure for high molecular weights

Figure 3 displays some possible shapes generated from our calculations for
%5 (P1) when &, ~ey,. However, before studying variations with monomer
structure, it is useful to consider the other y,,{(®,) curves that are produced when
g;; and &,, differ more. Figure 8 employs the same a—¢ model system as in Fig.
3, but now &,, is much larger and &, ranges over a wider span. The linear and
concave shapes of Fig. 8 depart from those in Fig. 3. Figure 9 has the identical
model systems as in Fig. 8, except that the scattering is from the c-monomer
chains in Fig. 9, while it is from the a-monomer chains in Fig. 8. The general
structures of the curves are similar, but we no longer have §,,(0) equal to S5,,(0)
as would be the case for incompressible blends. When the monomer structures
range over those in Fig. 2, the y,,(®,) curves are changed quantitatively, but not
qualitatively as exhibited in Figs. 10—12. For instance, the bottom curve in Fig.
10 is identical to the second from the bottom curve in Fig. 4 (an a—c¢ model
system). The other two curves in Fig. 10 involve model a—/ (top) and a—i
(middle, for a 10 unit side chain) blends. All three curves in Fig. 10 employ the
same energy parameters, polymerization indices, etc.; only the monomer struc-
ture changes. The curvature of y,{(®,) is increased by blending a-type chains
with the bulkier / or i-type chains. Figure 11 provides another family of y,{(®,)
curves that is again produced by only varying monomer structures from a—/, k—/
and a—b model blends. Notice that the a—b and k -/ blends contain chains with
similar monomer structures, while the a—/ blend involves very dissimilar
monomers. There is not a great difference between the y,(®,) in Fig. 11 despite
the different character of the blends. Many other instances, however, show large
departures upon changes in monomer structures. Figure 12 considers the same
three model blends as in Fig. 11, where only ¢,; (and hence &;,) is changed,
leading to a substantial alteration in the y (®,) curves.

3.5. Temperature dependences of y.(®:)

In general, x4 at a given composition @, is close to a linear function of 1/7 in
the high molecular weight limit, with the nonlinearities growing as ¢ and
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|s” — &y, | increase. (Plots of ¥, vs. 1/T, however, may become very curved when
molecular weights are low and when T is near the critical point, but these cases
are not discussed further.) What does vary with composition and monomer
structure is the slope of x4 vs. 1/T. The variation with monomer structure is less
significant than that with composition and interaction energies, but this arises
partly because of the use of Eq. (3.8) rather than Eq. (3.11) which yields a greater
monomer structure dependence. Figures 13 and 14 illustrate the variation of the
slope of y. vs. 1/T, as well as the curvature, with composition and microscopic
interaction energies. The figures display two examples each, and all of them have
structures a and ¢ of Fig. 2 and the same molecular weights and exchange energy
¢; the only differences are the values of ¢,; and &,, (and hence &;,). The three curves
for each set of ¢’s are for three different compositions (@, = 0.25, 0.5 and 0.75)
and therefore illustrate the variation of the slope with composition. The shifts in
overall y., between the two sets of curves in each of the figures exhibits the
dependence of y,, on the magnitudes of ¢;; and &,, at fixed ¢, something that is
entirely neglected by customary incompressible blend models.

Paper 11 notes [53] the existence of an interesting quasi-athermal limit in
which y, is fairly insensitive to temperature, but the ¢; and, in particular, ¢ are
non-zero. However, in the limit of high molecular weights for both blend
components, the temperature insensitivity of g, arises only when ¢ is nearly
vanishing. On the other hand, the ¢; must definitely be nonzero in order for the
blend to be stable at normal pressures [53].

4. Phase diagrams for binary compressible blends: spinodals

It is natural to proceed from a discussion of extrapolated zero angle coherent
scattering to a consideration of spinodals as the latter appear when the coherent
scattering diverges (the cloud point). The cloud points provide a reasonable
approximation to the phase diagrams, and their computation is far simpler than
that of the coexistence curves (binodals). All the cloud points computed in this
section apply to a pressure of 1 atm. Since the coherent scattering involves a fixed
volume in a sample at constant pressure, we employ the cloud point condition of:

1 —
SHON

but determine the volume V from the equation of state at a pressure P =1 atm.
It is extremely important to follow this procedure of evaluating V(P) or
equivalently of evaluating ¢,(P) since use of Eq. (4.1) for arbitrary fixed volumes
may lead to spurious additional spinodals that appear for unphysical P < 0.
Paper 111 fits [54] our theory to experimental data on y,z, AH™, and AV™>
for PS(D)/PVME blends, so we begin this section by comparing our computa-
tions with the experimental cloud points of Han et al. [55] in Fig. 15. The
experimental points are the cloud points as determined by extrapolation of data
for S(0), while the curve presents our computations using the same molecular
weights, monomer structures, and ; that are obtained in paper III. The
agreement is excellent and must arise in part because of the fit to the neutron
scattering data. Discrepancies near the critical point probably arise from the
neglected fluctuations. Figure 16 considers the same model blend (with & < 0) as
in Fig. 15 for several molecular weights. The curves show the lower blend critical
temperature and the critical composition increasing with decreasing molecular

0. (4.1)
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Fig. 15. Comparison of the LCT cloud points for the PSD/PVME blend with experimental data of
Han et al. [55] (designated by squares). The three microscopic interaction parameters are taken from
the fit [54] of the LCT ., to experiments for y,A{®,), AH™, and AV™* (¢/kyT, = —0.00721,
€, /kpT, =0.5and ey, kT, = 0.56 at T, = 415.15 K). The model blend is constructed from monomer
structures / (styrene) and b (vinylmethylether)

Fig. 16. The LCT cloud points (spinodal) of a model /-5 blend for different polymerization indices
N,.The curves have Ny =N, =10* - — - N; =N, =10*-- -+, and N, = N, = 5000 . The three
microscopic interaction energies are the same as in Fig. 15

Fig. 17. The LCT cloud points (spinodal) for different model blends in the high molecular weight limit.
The curves are labelled as a model /-% blend, — — — a model /—a blend, and - - - - a model
/-b blend. The interaction energies are identical to those in Fig. 15

Fig. 18. The LCT cloud points (spinodal) in the high molecular weight limit for a model a—/ blend
with different self-interaction energies &,; and constant &,,/kzT, =0.6 and e/kzT, = —0.001
(T, = 415.15 K). The curves from top to bottom involve ¢, /kz T, = 1.35, 1.4,and 1.5at T, = 415.15K

weights. The highest molecular weight spinodal in Fig. 16 changes very slightly
upon further increasing molecular weights by a factor of 100. Figure 17 displays
the variation of the spinodal (for ¢ <0) with monomer molecular structures
using the same interaction energies as in Fig. 15 but different (high) molecular
weights and monomer structures. The curves from top to bottom in Fig. 17 are
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Fig. 19. The LCT cloud points (spinodal) for the high molecular weight limit of a model a—c blend
for different (negative) exchange energies ¢ at constant self-interaction energies &, /kzT, = 1.35 and
ey 0k T, =12 (T, =415.15K). The curves from top to bottom have ¢/k,T, = —0.001, —0.0005,
and —0.0001 at T, =415.15K

Fig. 20. The LCT cloud point (spinodal) of a model a—e blend with positive exchange energy
elkyT, =012 x 1074, ¢, /kyT, =¢p/ksT, =05 (at T,=415.15K) and polymerization indices
N;=3000 and N, = 19000

for -k, I-a, and /-b model blends, with identical interaction energies and
polymerization indices in all cases. The strong dependence on monomer struc-
tures is apparent, but the shapes of the spinodals are similar.

Variations of the spinodal with ¢,; and &,, at constant ¢ = —0.001k, T, (with
T,=415.15K) are presented in Fig. 18 for a model a—/ blend. The large
temperature scale in Fig. 18 hides the differences in critical compositions @ and
shapes of the three spinodals. From top to bottom the three curves have
@ =0.8, 0.85, and 0.95, respectively. Figure 19 displays the dependence of
cloud points on & for a model a—b blend with other parameters fixed. The
expected increase in critical temperature with the net attraction (¢ more negative)
is evident.

The structure of the spinodals becomes more interesting when the net
exchange interaction & is repulsive (¢ > 0). In these cases the molecular weights
cannot be too large; otherwise the upper blend critical temperature becomes too
high. For instance, the model a—e blend in Fig. 20 exhibits a closed loop phase
diagram. When ¢ is positive and very small, the spinodal has a lower blend
critical temperature as in the three curves of Fig. 21a for a model a—e blend in
which all parameters but ¢ remain constant. Making ¢ more positive drives the
critical temperature to lower values, as expected. The spinodals do vary some
with monomer structure, but more interesting results are obtained in Fig. 21b as
¢ is made more repulsive. The cloud point curves in Fig. 21b display both upper
and lower critical blend temperatures, and we find similar behavior for a wide
variety of model blends. However, the upper critical blend temperature in Fig.
21b probably would lie below the glass transition temperature, while in other
examples the lower blend critical temperature would probably lie above the
degradation temperature of one or both of the blend components. Nevertheless,
the prediction of the possibility for the existence of both critical temperatures in
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Fig. 21. The LCT cloud points (spinodal) of a model 2—e binary blend for various exchange energies
e. The curves have (a) slkzT, = —0.5x 1074 elkzT, =0, and
elkyT,=02x10"%and (b) -- - g/kzT, =0.12 x 1073 (all energies at T, =415.15K). The poly-
merization indices are chosen as N, = N, = 10%, while the self-interaction energies are taken as
en/kyT, =132 and ¢,,/kzT,=12at T, =41515K

blends with no specific interactions is extremely interesting. We have not yet
determined the ranges of parameters and monomer structures for which both
critical temperatures would lie in conveniently accessible ranges.

5. Discussion

In addition to providing a systematic method for improving the Flory--Huggins
approximation to the lattice model of polymer systems, the lattice cluster theory
(LCT) enables the inclusion of specific monomer molecular structure and
interactions into the theory. An important feature of the LCT is the fact that the
free energy of multicomponent polymer systems is obtained as a simple, albeit
lengthy, analytical expression that applies for any number of components and
for all molecular weights, monomer structures, compositions, temperatures, and
nearest neighbor attractive van der Waals interaction energies. This latter feature
far outweighs the inherent limitations of any lattice theory as described in
previous papers. The present applications of the LCT utilize the simplest possible
treatment of the interaction energies in which all portions of a given monomer
interact with each other through the same self interaction energy ¢,, and with
portions of other species monomers through the same ¢,5. Thus, a compressible
binary polymer blend is characterized by only three independent microscopic
interaction energies. It is possible to perform LCT computations using group
specific van der Waals energies, but this, of necessity, makes the algebra more
lengthy and introduces too many parameters for an initial investigation of the
influence of monomer structure on blend properties.

The theory is used here to consider the influence of monomer structure on
the composition (@;) dependence of the extrapolated small angle neutron
scattering effective interaction parameter y,,and on cloud points of compressible
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binary polymer blends. Paper II begins this study with a consideration of polymers
having low molecular weights and rather small and attractive exchange energy
& =&+ &y — 28,,. Low molecular weights are used there to emphasize the
molecular weight dependences of .., while the small negative ¢ are considered as
a preliminary to comparisons in paper III with experimental data for PS(D)/
PVME blends. The behavior of y,, with monomer structure, ¢,5, and temperature
is markedly different in the high molecular weight limit than for the low molecular
weights studied in paper II. This general behavior is illustrated here using a much
wider array of (vinyl) monomer structures than in paper II. Because the
calculations here treat higher molecular weights and stable binary blends, it is
necessary to perform computations of y,, for much more attractive &.

The high molecular weight limit for y,, still displays a strong dependence on
monomer structure, but the dependence is not as dramatic as found in paper II
for low molecular weights. However, the definition of the effective s monomer-
monomer interaction parameter implies that x’. is affected more by monomer
structures because of the explicit factor of (s;5,)"? in Eq. (3.12). For fixed &, the
shape of the LCT curves for y ,{(®,) varies strongly with ¢;; and &5, but y . is
generally found .to be a parabolic or linear function of composition &,, in
general accord with experimental observations. General trends for the variation
of the magnitude of y., with molecular weights and interactions ¢,; are similar to
those delineated in paper II, except that the high molecular weight y,(®,) do
not exhibit the rounding at high and low @, that is found for low molecular
weights. While we do not study the pressure dependence of y.{(®,) for high
molecular weights, the behavior is expected to be similar to that described in
paper II: Increasing pressure makes the y{(®,) curve tend more towards the
incompressible limit.

Whereas low molecular weights produce a temperature dependence to .,
that may depart considerably from a linear function of 1/7, high molecular
weights yield a more linear variation, with some curvature due to contributions
in the free energy that are bilinear in the ¢,5, contributions that arise from
non-random mixing phenomena. The slopes in plots of y.; versus 1/T generally
depend on composition as expected from the nature of the y(®,) curves. Paper
II defines a quasiathermal blend as one exhibiting a very small T-dependence to
Xes despite having nonzero ¢ and e,. This quasiathermal limit occurs for high
molecular weights only when ¢ becomes vanishingly small.

We study the influence of monomer structure and interactions upon the
phase diagrams for compressible binary blends. The phase diagrams are repre-
sented in terms of the cloud point curves for divergent coherent scattering of
radiation. The first computations consider PS/PVME blends in order to compare
with the experimental cloud points obtained by Han et al. {55] using monomer
structures and microscopic interaction energies ¢,5 from the fits [54] in paper III
to x.4{(®,), AH™, and AV™>. The agreement is very good considering the
deficiencies of the lattice model such as those in taking all junctions to be
completely flexible and in neglecting specific interactions for different portions of
the vinylmethylether and styrene monomers.

Some general trends in computed cloud point curves are as follows: When
the blend has an attractive exchange energy (so & <0), there is only a lower
critical solution temperature (LCST) which decreases (along with the critical
composition) with increasing molecular weights. The cloud point curve is sensi-
tive to the microscopic interaction energies and to the monomer structures. More
complicated behavior emerges for positive &. When & > 0 is sufficiently small,
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there is still only a LCST, but upon increasing &, both a LCST and an upper
solution critical temperature (UCST) may appear. The two critical temperatures,
however, do not generally lic between the glass transition and decomposition
temperatures. Additional effort is necessary to delineate the conditions under
which both critical temperatures may be observable. There is still the expected
monomer structure and ¢,; dependences, and we have found several instances of
closed loop phase diagrams.

The new results in this paper, taken in conjunction with those in papers II
and III, indicate a strong sensitivity of blend properties on monomer structures
and the importance of treating the blend as compressible. These features provide
motivation for further development and extension of the lattice cluster theory.
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