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ABSTRACT: Using small-angle neutron scattering (SANS) results, pressure-volume-temperature (PVT)
data from both polymer melts and blends, and experimentally determined critical temperatures, we employ
the lattice Born-Green-Yvon (BGY) theory in the development of new routes for the characterization of
polymer fluids and polymer blends. In particular, we focus on blends of polystyrene (PS) with poly(vinyl
methyl ether) (PVME) and tetramethylbisphenol A polycarbonate (TMPC). In the first part of the paper
we use the analytic expressions derived from the lattice BGY theory to fit the experimental data via
three separate routes, using the different kinds of experimental data. In the second part of the paper we
investigated the extent to which each of the methods lead to a thermodynamically consistent picture of
the blend. Among other findings, we conclude that it is possible to use a relatively sparse data set and
still produce a quantitative description of both pure component and blend behavior.

1. Introduction
Making connections between the microscopic nature

of a system and its bulk properties has been the driving
force for much work in the condensed matter com-
munity. Progress in this broad area requires collabora-
tion between theory and experiment with the ideal
scenario being a tractable, sophisticated theory applied
to the analysis and understanding of the minimum
amount needed of easily available, high-quality experi-
mental data. In this paper we report on the progress
we have made advancing toward this goal, with our
focus being on polymer blends.

On the theoretical side, we make use of a mean-field
theory, the lattice Born-Green-Yvon (BGY) theory
developed by Lipson and co-workers.1-7 This approach
yields analytic expressions for the free energy and its
derivatives which involve a well-defined set of micro-
scopic “characteristic” parameters. The fact that we keep
compressibility in the description means that we should
not be reducing the energetic interactions to a single
parameter. Characterization of the blend therefore
requires specifying the lattice size, both of the pure
component interaction energies (and effective molecular
weights) as well as a mixed interaction energy. If we
regard a limiting equation of state description to require
no parameters, we end up with something like the ideal
gas law: useful in one limit but otherwise uninforma-
tive. More sophisticated, but still unsatisfying in terms
of predictive power, is a simple theory such as Flory-
Huggins (FH).8 To most this means the well-known
lattice random-mixing theory for an incompressible
system, with its parameters characterizing lattice size,
molecular weights, and energetics, the last through the
chi parameter.9 A simple step forward in complexity
yields the compressible version of Flory-Huggins,
sometimes known as lattice fluid (LF) theory.10 The
BGY theory is further along this trajectory, in that it
naturally includes the effects of nonrandom mixing, and
it also is able to incorporate nearest-neighbor connectiv-

ity. The theory developed by Panayiotou and Vera11 also
makes progress in this direction, and it as well as the
Flory-Huggins and lattice fluid theories may all be
obtained from the BGY theory by taking suitable limits.5

On the experimental side there are many kinds of
data available for polymer blends, but those most
commonly used in applying BGY and many other
theories have been coexistence curve results and, for
characterization of the pure components, pressure-
volume-temperature (PVT) data. This approach has
yielded useful and interesting results, yet it remains
unsatisfactory in several ways. For one thing, the mixed
interaction energy of the blend is typically obtained by
fitting to the critical point, that is, the single point on
the coexistence curve which is not well-described by a
mean-field theory. In addition, this route limits applica-
tions to those systems for which PVT data are available
for the pure components. While the literature does
contain such results, it would be liberating to be able
to study mixtures of polymers one or both of which have
not been particularly well-characterized.

In this paper we describe two new routes for combin-
ing experimental data and the BGY theory to the study
of polymer blends. For both of these routes, we obtain
optimized characteristic parameters for both compo-
nents as well as the blend from one data set. We chose
two very well-studied mixtures: polystyrene blended
with poly(vinyl methyl ether) (PS/PVME)12-15 and PS
blended with tetramethylbisphenol A polycarbonate
(TMPC).12,16-18 In light of the closing remark in the last
paragraph, this choice seems somewhat perverse. How-
ever, since the analyses described here are new, it is
critical that they be compared with results using widely
applied methods. The older route (the “pure/LCST”
route) involves PVT data for the pure components and
then analysis of a single temperature; each blend in this
work exhibits a lower critical solution temperature
(LCST). For one of the new routes, the “mix route”, we
make use of blend PVT data, two compositions for each
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blend. These PVT data are fit to obtain all of the
characteristic parameters needed, for both the pure
components and the mixture. The second new route, the
“NS route”, makes use of zero-angle scattering intensi-
ties (from neutron scattering (NS) measurements) as a
function of temperature. Even without knowing how
well the two new routes do, we anticipate that the SANS
method will attract more interest because these mea-
surements yield a wealth of additional information
about mixtures.

In section 2 we provide experimental and theoretical
background. Section 3 provides a description of the
fitting procedures. The BGY predictions are presented
in section 4, and in section 5 we summarize and
conclude.

2. Experimental and Theoretical Background

Experiment. With the exception of the neutron
scattering studies on the polystyrene (PS)/tetrameth-
ylpolycarbonate (TMPC) blend, all of the experimental
results were obtained from the literature. Details
concerning the measurements on polystyrene (PS) and
poly(vinyl methyl ether) (PVME) and their mixtures
may be found in refs 12 and 13. The PVT data for PS,
TMPC, and blends of the two are available in ref 16. In
ref 12, a very useful compendium of PVT data, the
results are presented as specific volume as a function
of temperature, at fixed pressures. The absolute ac-
curacy of the specific volume measurements is given as
0.002 cm3/g, and the pressures are said to be constant
to within 0.1 MPa.

The data for the coexistence curves which we have
used here have all been obtained from light scattering
experiments. When a blend system becomes two-phase,
light is scattered as long as two conditions are fulfilled.
These are that the refractive indices of the two polymers
are sufficiently differentsa condition obeyed by both the
blends reportedsand that the developing phases are
comparable in size to the wavelength of light. This
second condition is not always obeyed in the early stages
of phase separation.19 In typical experiments initially
homogeneous samples are heated at a steady rate until
the cloud point is detected either by a reduction in the
transmitted light or by an increase in the scattered
light. If the initial phase size is small, an apparent lag
can occur before the cloud point is detected, which
results in a cloud point temperature higher than reality.
Such a lag can also occur if the system is very close to
the glass transition temperature so that molecular
motion is slow compared to the heating rate. In either
case the problem is dealt with by observing the cloud
points at decreasing heating rates and extrapolating to
zero rate. Such extrapolation is reported in refs 13 and
14 for the PS/PVME and dPS/PVME cloud point results
and in ref 18 for the PS/TMPC experiments.

One further potential complication of interpreting the
coexistence data should be mentioned. The samples are
heated from the one phase region, and except at the
critical composition, they must pass first the binodal and
then the spinodal. The question then arises as to which
corresponds to the cloud point temperatures reported.
The processes of nucleation and growth which govern
phase separation in the metastable gap between spin-
odal and binodal are very much slower than spinodal
decomposition. Thus, it is likely and has been confirmed
in some cases where the spinodal was obtained directly
(by extrapolation of the spinodal decomposition rate

following temperature jump experiments inside the
spinodal boundary) that the cloud point is closer to the
spinodal than to the binodal. This is true for high
molecular weight blends where molecular motion is slow
and for compositions close to the critical values. For
compositions well away from critical, however, where
the metastable gap becomes very wide, the cloud points
may well fall between binodal and spinodal curves.

Information about the molar masses of the polymers
is listed in Table 1, along with characteristic parameters
obtained by a variety of different routes, as described
in the next section.

The neutron data presented here were obtained using
the PAXE spectrometer located at the Orphee reactor
in Saclay France.18 Scattering data were obtained from
samples equilibrated at the measurement temperature
in a q range 0.008 < q < 0.078 Å-1. This corresponds to
a mean incident wavelength of 6 Å and a sample-
detector distance of 5 m. The samples were prepared
from solutions in toluene at 10% w/v which had been
cast as thin films onto glass and dried under vacuum
for 4 weeks at increasing temperature, finally reaching
Tg plus 20 °C. Ten of these thin films were then stacked
together and wrapped in aluminum foil to give a sample
of thickness 1 mm. Extremely careful data treatment
is described in detail in ref 18 to remove background
scattering and to achieve intensities normalized to an
absolute scale. In particular, great care was taken to
ensure that the samples had properly equilibrated at
the measurement temperature.

This care and attention is worth discussing here as
it provides assurance for the reliability of the data used
to fit the model calculations. The need for careful
analysis of the neutron experimental data in terms of
background subtraction, transmission corrections, and
sample thickness normalization is important. Particular
problems which can be identified are incomplete an-
nealing and/or too slow a quench process in cases where
the SANS experiments are to be carried out at ambient
temperature.

The SANS data for PS/PVME are taken from ref 15.
In a journal paper it is not possible to report at the same
level of detail as in a doctoral thesis. As a consequence
the confidence in the data has to be based at least in
part on the reputation of the research group involved
and of the neutron source used. In the case of ref 15
these are both high. The reported method of sample
preparation is very close to that described above for the
PS/TMPC data. The data analysis is likely to have been
as careful, but this has to be taken somewhat on trust.
Confidence is given by the good correspondence between
the neutron cloud points and those obtained by light
scattering.

Table 1. Pure Component Parameters for Several
Data Types

polymer
Mw (g/
mol)

ε11 (J/
mol)

v × 103

(L/mol) r notes

PS12 110 000 -2245.6 9.197 10162.6 pure PVT data
PS16 253 000 -2115.3 9.115 21499.4 pure PVT data
PS12 114 200 -2228.2 9.504 10640 blend PVT data
PS16 253 000 -2133.1 9.38 21126.8 blend PVT data
PS15 225 000 -2105.5 9.9 19071.1 NS data
PS18 250 000 -2251.1 9.5 22301.1 NS data
PVME12 99 000 -2044.1 9.467 9393.9 pure PVT data
PVME12 99 000 -1982.9 9.504 9175.1 blend PVT data
PVME15 99 000 -2000.9 9.5 9287.7 NS data
TMPC16 42 000 -2225.3 10.78 3458.1 pure PVT data
TMPC16 42 000 -2216.3 9.38 4722.9 blend PVT data
TMPC18 54 000 -2209.5 9.9 4390.8 NS data
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Theory. This research uses the results of the lattice
Born-Green-Yvon (BGY) theory,4 applied to a simple
cubic lattice having coordination number, z, equal to six.
The total lattice volume is represented by V ) v(N0/NA),
where v is the volume per mole of lattice sites, N0 is
the total number of lattice sites, and NA is Avogadro’s
number. The parameter ri represents the number of
contiguous lattice sites occupied by a molecule of species
i. For a binary mixture (where i ) 1, 2) the site fractions
are defined as φi ) riNi/N0, φh ) Nh/N0, and φ ) 1 - φh,
where Ni is the total number of molecules of i and Nh is
the number of unoccupied lattice sites (or holes). The
maximum number of interaction sites available to a
molecule of component i is given by qiz ) ri(z - 2) + 2.
This leads to the definition of concentration variables
êi ) qiNi/(Nh + ∑jqjNj) and êh ) Nh/(Nh + ∑jqjNj) which
account for the molecule’s nearest-neighbor connectivity.
The interaction energy of nonbonded nearest neighbors
of the same species is given by εii, while unlike nearest-
neighbor interactions are denoted by εij. The BGY
integral equation hierarchy links distribution functions
at successively higher order. In the lattice BGY theory
derived by Lipson and co-workers the hierarchy is closed
off at the level of pair interactions via the Kirkwood
superposition approximation; the independence ap-
proximation is used for all pair functions except the pair
of interest. Expressions for the probability of the dif-
ferent types of nearest-neighbor contacts are detailed
in ref 9. An analytic expression for the internal energy
of the system is derived by summing the product of
these probabilities multiplied by the associated ener-
getic contribution. As noted above, use of the site
fractions account for local chain connectivity. Each
component is characterized by specifying values for the
characteristic parameters ε, r, and v. Since the systems
are compressible at finite (experimental) pressures, all
of the interaction energies contribute to the blend’s
internal energy. The temperature dependence of this
energy allows for the determination of an analytic
expression for the free energy using a Gibbs-Helmholtz
relationship. This relationship mandates the use of an
entropic approximation for infinite temperature, and we
make use of the Guggenheim result.20 The system is
taken to be randomly mixed only at infinite tempera-
ture, while at finite temperatures the BGY theory yields
nonrandom contributions to the entropy of the mixture.
The BGY result for the dimensionless configuration
Helmholtz free energy, â, of a K-component blend is
given by

where â ) 1/(kBT), kB is Boltzmann’s constant, and T is
the temperature. Accordingly, the Helmholtz free energy
density, A/VT, is given by

where a0 is a caloric background not needed in this
work. The blend’s thermodynamic properties can then
be obtained from this derivative of the Helmholtz free
energy density

where U is the internal energy of the system, rj is the
number density of component i, and µj is the chemical
potential of species i. The chemical potential for com-
ponent i is given by

The chemical potential difference between the blend
components may be used to either fit or predict neutron
scattering intensities. This is accomplished by correlat-
ing the BGY expression for the chemical potential to
the value used in neutron scattering analyses. The
relationship describing the scattering intensity is given
by21

where I(q)0) is the zero-angle scattering intensity, S(0)
is the dynamic structure factor, and 〈b〉 and 〈b〉T are
evaluations of the matrices for the scattering lengths
of the sample. The T superscript is indicative of the
column evaluation of the matrix, while a lack of
superscript indicates an evaluation of the data along
the row. There are two possible types of interactions
between an incident neutron wave and the scattering
sample. These two types are coherent and incoherent
scattering. If all incident waves demonstrate identical
interaction with the scattering system, the phase shifts
will be the same and the interference effects are denoted
as coherent.21 Coherently scattered waves yield infor-
mation concerning atomic positions. However, if no
correlation of the incident waves exists within the
scattering system, the interaction potential of the
system will fluctuate randomly about an average value
(denoted by the symbol 〈V〉). These variations arise from
isotropic incoherence and neutron/nucleus spin interac-
tions. Thus, given the nature of polymer systems, the
incoherent scattering contribution is treated as back-
ground noise and subtracted from the total scattering
intensity values. Considering a two-component system,
eq 5 may be expanded to give

where V is the total sample volume and b (for compo-
nents 1 and 2) are the component’s associated scattering
lengths. The υ values (with subscripts 1 and 2) are the
monomer molar volume for each component. The symbol
υ0 is the geometric average of the molar volumes.
Generally, b is a complex quantity whose value depends
on the orientation and spins of both the neutron beam
and the scattering nucleus. The “real” portion of the
scattering length may be positive (attractive interac-
tions) or negative (repulsive interactions). The partial
derivative of the osmotic compressibility (π) with respect
to volume fraction (æ ) may be substituted for the
structure factor, yielding

â ) ∑
i)h,1

K (φi

ri

ln φi +
qizφi

2ri
{ln[êi

φi
] - ln[êh +

∑
j)1

K

êj exp(-âεij)]}) (1)

A/VT ) kBâ/v + a0 (2)

d(A/VT) )
U

V
d(1/T) + ∑

j)1

K µj

T
d(Fj) (3)

µi )
ri

â(∂â
∂φi

)
â,æk*i

(4)

I(q)0) ) 〈b〉[S(0)]〈b〉T (5)

I(q)0)
V

) (b2

υ2
-

b1

υ1
)2 kBTæ

-υ0
S-1(0)
kBT

(6)
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After substituting according to the relationship ∂π/∂φ
) -υ0(∂µ/∂φ), the final expression correlating the chemi-
cal potential to the zero-angle scattering intensity is
given by

The phase transitions for binary mixtures are usually
represented in terms of the molar density (F ) F1 + F2)
and mole fraction (x ) F2/F). Conjugate to the mole
fraction is the difference between the component’s
respective chemical potential (where µ ) µ2 - µ1). These
terms allow for the critical conditions to be expressed
by22

where the initial expression defines the spinodal line
and the second equation defines a critical point as an
extremum of the spinodal. Thus, the lower critical
solution temperature (LCST) represents the minimum
of the spinodal (and conversely, the upper critical
solution temperature, or UCST, represents the maxi-
mum). Hence, for a pressure P, the coexisting phases
satisfy the expressions µ(T,P,x1) ) µ(T,P,x2) and µ1(T,P,x1)
) µ1(T,P,x2).

In this work we use three distinct routes in fitting
experimental data to determine the characteristic pa-
rameters. One of the three is the familiar path involving
a fit to pure component PVT data in order to obtain the
pure component characteristic parameters, followed by
a fit to the blend critical temperature in order to
characterize the mixed interaction. The other two routes
involve using experimental data on the blend alone,
obtained either from neutron scattering experiments or
from PVT measurements on the mixture. The fitting
procedure for these two routes yields all of the pure
species and blend parameters at once. In all cases we
characterize the mixed interaction energy by using the
parameter g

3. Fitting of Experimental Data
Pure Components. The route we have followed in

all previous studies of polymer mixtures involved fitting
the BGY equation of state (the form shown here is for
a one-component fluid)

to experimental pressure-volume-temperature (PVT)
data so as to obtain values for the characteristic
parameters r, v, and ε.23 In this paper one of the three
routes used in studying the blends of interest requires
that the pure component data be fit. Figure 1 shows the

results for PVME (part a) and TMPC (part b), wherein
the pressure is plotted as a function of molar volume
for a series of temperatures (given in the figure caption).
The symbols represent experimental data and the
curves show the optimized BGY fit. This figure, which
illustrates the ability of the BGY equation of state to
capture the experimental PVT behavior, is typical of the
results obtained for polymeric fluids; analogous results
for PS have been recently published.7 In Table 1 we
summarize the characteristic parameters obtained from
fitting data for each of the pure polymers. The r values
in the table are associated with the molecular weights
listed. For a sample of different molecular weight the ε
and v values would remain the same, and the r value
would simply be rescaled so that r2 ) rr(MW2/MW1).
Each of the pure fluid PVT fits yields a characteristic v

I(q)0)
V

) (b2

υ2
-

b1

υ1
)2kBTæ

∂π
∂æ

(7)

∂µ
∂æ

) V(b2

υ2
-

b1

υ1
)2 kBTæ

-υ0I(q)0)
(8)

(∂µ
∂x)

T,P
) 0, (∂2µ

∂x2)
T,P

) 0 (9)

ε12 ) g(ε11ε22)
1/2 (10)

P ) - 1
âv{ln φh + z

2
ln(êh

φh
) + φ(1 - 1

r) + zφ
2 (qr - 1) +

zê2

2 [ exp(-âε) - 1
ê exp(-âε) + êh

]} (11)

Figure 1. Pressure as a function of molar volume; symbols
represent experimental data,11,15 and the curves show the
optimized BGY fit. Temperatures refer to the results from left
to right: (a) PVME (438, 447, 455, 464, 473 K); (b) TMPC fit
(488, 497, 507, 516, 525 K).
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value. However, to avoid having a lattice whose site
volumes are composition-dependent, we use a single v
value for each of the pure components as well as the
blend. There are several routes by which the value of v
may be fixed: choosing what appears to be a reasonable
value, taking the average of the two pure values, or
choosing one of the pure component v values. Once v is
fixed, the remaining pure component parameters are
reoptimized by refitting the PVT data. For all of the
results reported here we chose to fix v at the arithmetic
average of the individual values obtained through the
initial PVT fits.

Blends. Pressure-Volume-Temperature Results. As
noted above, one of the reasons we chose the blends PS/
PVME and PS/TMPC was the availability of a wide
variety of data. In particular, it is atypical to find PVT
results for blends. However, for PS/PVME data have
been tabulated for nine compositions (from 10% to 90%
PS), while for PS/TMPC results have been obtained for
two compositions (33% and 67% PS). We restricted our
study of the PS/PVME blend to two compositions (30%
and 70% PS) so that the analysis for the two blends
would be comparable. Figure 2 shows the fit results for
PS/PVME to the PVT surfaces for 30% PS (part a) and
70% PS (part b). Once again, the plot shows pressure
as a function of molar volume for a series of isotherms.
Figure 3 depicts the fit results obtained for PS/TMPC
for 33% PS (part a) and 67% PS (part b). As these plots
demonstrate, the BGY equation of state is equally well-
suited to describe both the pure components and the
mixtures. In each case, the fit to the combined set of
two mixture PVT surfaces yields the entire set of
parameters, viz. the characteristic parameters of each
blend component, a single optimized v, and the g value.

Neutron Scattering Results. As noted earlier, the zero-
angle scattering intensity is directly related to the
second derivative of the free energy of mixing. As the
BGY lattice theory yields an analytic expression for this
quantity, it is possible to fit the theoretical equation,
which incorporates the characteristic parameters of the
pure fluids and the mixture, to experimental data. An
equivalent route is to form the partial derivative of the
chemical potential (µ) with respect to the volume frac-
tion

where ri is the characteristic parameter r of component
i and â is the Helmholtz energy.11 The experimental
constants used in tabulating the zero-angle intensities
are summarized in Table 2, along with the optimized
pure component and mixture parameters obtained from
the different mixture fits described here.

For the PS/TMPC blend scattering intensities have
been tabulated for 30%, 50%, and 70% PS. We restricted
our analysis to the 50% PS blend because the data were
collected over the largest temperature range. Figure 4a
shows the experimental data (symbols) and the BGY fit
(solid line) for the inverse scattering intensity as a
function of the deviation from the critical temperature.
The BGY fit is constrained so as to pass through the
origin. The analogous results for the PS/PVME blend
(50% PS) are shown in Figure 4b and are also con-
strained to pass through the origin. The characteristic
parameters obtained for both blends are listed in
Table 2.

Critical Solution Temperatures. In fitting the mixture
surface data and the neutron scattering data, it was
possible to obtain optimized values for all the required
parameters (pure and mixed) by fitting to a limited set
of mixture data. Both of these methods represent new
routes to the fluid/mixture parameters. In contrast, the
third route we use here is the one we have relied upon
in the past: fit each of the pure component PVT surfaces
and then fit to a critical temperature in order to
determine a value for g. Here we determine the g
parameter by a fit to the lower critical solution temper-
ature only (not the critical composition) of each blend.
The coexistence curves shown in Figure 5 are therefore
pinned to the LCST, but with the exception of that one
temperature the rest of the curve (including the critical
composition) represents the BGY prediction. In each

Figure 2. Pressure as a function of molar volume for
PS/PVME blend. Symbols represent experimental data,11 and
curves show the optimized BGY fit. (a) 30 wt % PS (359, 367,
375, 382, 391 K); (b) 70 wt % PS (343, 351, 359, 367, 375 K).

∂µ

∂æ
) ∑

i

K ri

â( ∂
2â

∂æi
2)

â,æk*i

(12)
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case the filled symbols represent the experimental data,
the calculated spinodal curve is represented by the
dotted line, and the solid line shows the predicted
binodal curve. Figure 5a shows the results for the PS/
PVME blend, while those for PS/TMPC are shown in

Figure 5b. The parameters determined from the critical
temperature fits are tabulated in Table 2.

4. Comparison of Predicted Blend Behavior
with Experimental Results

Pressure-Volume-Temperature Surfaces. Pre-
diction of the PVT surface of a blend is a demanding
test of a theory in that it involves behavior as a function
of four variables: pressure, volume, temperature, and
composition. In the cases discussed here there are
further complications associated with the blend glass
transition and critical temperature. For PS/PVME the
experimental LCST is about 393 K. The glass transition
temperature for pure PS is 373 K, while that for pure
PVME is 249 K. We studied the blend PVT surface for
the two compositions having 30% PS and 70% PS. If

Figure 3. As in Figure 2, for the PS/TMPC blend.15 (a) 33 wt
% PS (416, 431, 446, 461, 476 K); (b) 67 wt % PS (467, 476,
490, 503, 516 K).

Table 2. Blend Parameters for Several Data Types

blend MW ratio
v × 103

(L/mol) g notes

PS/PVME13 110 000/99 000 9.504 1.001 17 pure fluid +
dPS/PVME14 119 000/99 000 9.504 1.001 35 LCST data
PS/TMPC17 253 000/42 000 9.857 1.000 359

PS/PVME 114 200/99 000 9.504 1.001 92 blend PVT
PS/TMPC 253 000/42 000 9.38 1.000 148 data

PS/PVME 250 000/99 000 9.5 1.002 3 neutron
PS/TMPC 225 000/54 000 9.9 1.000 28 scattering data

Figure 4. Inverse zero-angle scattering intensity as a function
of inverse temperature for (a) PS/TMPC (50 wt % PS) and (b)
PS/PVME blend (50 wt % PS). The symbols represent experi-
mental data,14,17 and the line is the BGY fit.
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we estimate the glass transition of the blend by taking
a composition-weighted sum of the pure component
glass transitions (as is done using the Flory-Fox
relationship), this gives an estimate of 286 K for the
30% PS blend and 336 K for the 70% PS blend. In Figure
2, the BGY fits to the experimental PVT data of the PS/
PVME blend are shown. Here, in Figure 6 we see the
predictions for PVT behavior of the blend using the
parameters obtained by fitting the neutron scattering
data (NS fit) in part (a) and, in a completely separate
procedure, the predictions using the pure component
PVT data plus the experimental LCST (pure/LCST fit)
in part (b). Each set of parameters was used separately
to generate a surface for each of the two compositions.
Figure 6 shows only half of the results: the best and
the worst. In Figure 6a the NS fit parameters were used
to predict the 30% PS surface; in Figure 6b the pure/

LCST parameters were used to predict the 70% PS
surface. The agreement between prediction and experi-
ment for the former appears to be excellent, while it is
very poor for the latter. However, it is relevant to note
that the temperature range for the PVT data is 300-
470 K, which means that for a blend containing 70%
PS (as shown in Figure 6b) the glass transition (336 K)
and the relevant binodal temperature (roughly 410 K)
are both well within the temperature range in which
the PVT data were collected. This blend therefore is
apparently both glassy and phase separated within the
temperature range of interest! On the other hand, the
parameters that were used to generate both sets of
predictions were obtained by fitting data which were
taken above the glass transition and below the LCST,
where the blend was a one-component melt. Considering

Figure 5. Coexistence results for PS/PVME (a) and PS/TMPC
(b). The symbols represent experimental data.12,16 The curves
show the BGY predictions for the binodal and spinodal, where
in each case the critical temperature was used to fit for the g
parameter, characterizing the mixed interaction energy.

Figure 6. Best and worst of the BGY predictions for the PVT
behavior of PS/PVME: (a) for the 30% PS surface using the
NS fit parameters (NS route); (b) BGY prediction for the 70%
PS surface using the pure/LCST parameters. The symbols
represent experimental data.11
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the different sets of circumstances involved, the lack of
agreement between prediction and experiment for the
70% blend becomes understandable. The situation for
the 30% PS blend (Figure 6a) is not quite so dire as for
the 70% PS blend. For the 30% PS blend the estimated
glass transition (286 K) is about 14 K below where the
PVT data begin; this blend surface should therefore all
lie in the melt region, although closer to the glass
transition than the minimum 50 K difference we prefer
to keep when analyzing the pure PVT data. On the other
hand, a composition of 30% PS is close to the critical
composition, and the critical temperature, about 395 K,
is in the middle of the PVT range. A further complica-
tion is that the NS predictions are made using param-
eters obtained by fitting scattering data for the deuter-
ated-PS blend, while the PVT surface is for the
hydrogenous-PS blend. Despite all of these issues the
NS prediction appears to be in very good agreement
with the experimental PVT data. It is interesting to note
that the NS prediction for the 70% PS surface is in
significantly poorer agreement with the data, although
not as poor as that shown in part (a) of the figure, while
the pure/LCST prediction for the 30% blend is in closer
agreement with the data (although not as close as that
shown in part (b)). The presence of a glass transition is
an important factor in determining how closely the
predicted and experimental PVT surfaces coincide. This
hypothesis is supported by the analogous comparisons
made using results for the PS/TMPC blend.

Figure 7 is analogous to Figure 6; in this case the
concentrations are 33% PS for the NS prediction shown
in part (a) and 67% PS for the pure/LCST prediction
shown in part (b). However, for the PS/TMPC blend the
predictions using the NS parameters and the pure/LCST
predictions are so similar as to be indistinguishable for
each of the two compositions, while for PS/PVME the
two routes to predicting the PVT surface gave very
different results. The fact that both phase separation
and the glass transition occurred within the tempera-
ture range of PVT data for the PS/PVME blend is clearly
important. In the case of PS/TMPC the lowest temper-
ature for the blend PVT data is 475 K, which is about
20 K above the glass transition for TMPC and 100 K
above that for PS. However, while the temperature on
the binodal for the 67% PS blend is approximately 405
K, putting this mixture well into the one-phase region,
which for the 33% PS blend is about 520 K, very close
to the blend LCST. Thus, three out of the four PVT data
sets for this composition are within 20 K of the binodal
temperature. This may be correlated with the fact that
both the fit to and the prediction of the PVT data for
this composition are not as close to the experimental
data as for the 33% PS composition, where proximity
to the binodal is not an issue. One may also deduce some
rationale for whether there is “path dependence” in the
predictions by looking at differences in the parameters.
For both PS and the TMPC the pure/LCST and NS fit
values for ε differ from the mixture fit value by no more
than about 1%. On the other hand, while the averaged
v value from the pure/LCST fit (0.009 857 L/mol) is close
to the value NS fit (0.009 900 L/mol), it is somewhat
different from the mixture fit value (0.009 380 L/mol).

Binodal and Spinodal Curves. In Figure 8 the
predictions for the spinodal and binodal are compared
with experimental data for PS/PVME using the mixture
surface parameters (a) and the NS parameters (b). The
NS predictions reflect the fact that dPS instead of PS

is used in the blend, a change which results in a shift
of roughly 40 K in the LCST. This is illustrated in
Figure 8b, which includes the experimental data for the
dPS/PVME blend. These two plots may be compared
with the BGY fit shown in Figure 5a, which was
generated using pure component parameters obtained
from fitting pure PVT data and g from fitting the critical
temperature. In Figure 8, the BGY-generated curves are
all predictions. It is clear that the predicted LCST
values are in excellent agreement with experimental for
both the PS/PVME and the dPS/PVME blend. We also
note that the theory predicts a narrowing of the coexist-
ence curve for the dPS blend, compared with the hPS
blend, in agreement with what is observed experimen-
tally. The curves predicted in Figure 8a using the
parameters from the mixture surface fit are fairly close
to those associated with the fit in Figure 5a; however,

Figure 7. BGY predictions for the PVT behavior of PS/TMPC
(a) for the 33% PS surface using the NS fit parameters (b) for
the 67% PS surface using the pure/LCST parameters. The
symbols represent experimental data.15
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the predicted critical region is not quite as flat as the
experimental points would indicate.

Figure 9 shows the analogous predictions for the PS/
TMPC blend, to be compared with the BGY fit to the
coexistence data on this blend given in Figure 5b. From
the experimental data we see that the PS/TMPC coex-
istence curve is considerably narrower than that for PS/
PVME, and this feature is captured in the BGY predic-
tions. We have observed that, in general, the breadth
of the coexistence curve tracks roughly with the absolute
difference between the pure component energies. For
PS/TMPC this difference is less than half that for PS/
PVME, and the curves are correspondingly narrower.
In the fit to the LCST shown in Figure 5b the predicted
critical composition was slightly too high, and that is
also observed in the prediction using the NS param-

eters, although that using the mixture surface param-
eters appears to be quite close to the experimental
result. Both the mixture surface and the NS parameters
underestimate the LCST, the former by about 6 K and
the latter by about 10 K, and this is reflected in g values
from both these routes which are smaller than that from
fitting the LCST. The NS g value does reflect the
influence of using dPS, although for the PS/TMPC blend
it appears the effect of having dPS in place of hPS is
rather modest.18 The g values for PS/PVME showed a
deviation from unity, which was significantly larger
than that shown by the g values characterizing the PS/
TMPC blend. We observe that as the value of the g
parameter deviates further from unity, the calculated
binodal and spinodal curves become less sensitive to
changes in the g value. For example, if the g parameter
starts at a value of 1.001 and undergoes an increase of
0.0005, there is less of an effect on the critical temper-

Figure 8. BGY predictions for the PS/PVME LCST, spinodal
and binodal using (a) the mixture surface parameters and (b)
the NS parameters. In part (a) the data shown are for the hPS/
PVME blend,12 while in part (b) the data shown are for the
dPS/PVME blend.13

Figure 9. BGY predictions for the PS/TMPC LCST, spinodal
and binodal using (a) the mixture surface parameters and (b)
the NS parameters. In both plots the experimental data are
for the hPS blend.16
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ature than if g starts at a value of 1.0001 and undergoes
the same increase.

In Figure 10 we compare the experimental NS data
with the BGY fit (solid line) as well as with the BGY
predictions. As noted before, while the NS data are
associated with dPS, most of the other analysis routes
do not reflect the effect of deuteration. The sole excep-
tion is that we were able to fit to the LCST for dPS/
PVME in order to determine g for that blend. However,
even in that case the pure component characteristic
parameters are needed in order to make any predictions,
and those are obtained via data on hPS samples. The
predictions shown in Figure 10a therefore involve using

the parameters from the mixture surface (long-dashed
line), the pure/LCST (for dPS/PVME) (dotted line), and
the pure/LCST (for hPS/PVME) (short-dashed line). In
Figure 10b the predictions are obtained using the pure/
LCST (hPS/TMPC) (dashed line) and mixture surface
(dotted line). In both parts of Figure 10 the predicted
lines are clearly of different slope than the line fit to
experimental data. The trends in slopes and g values
appear to be closely correlated, in that larger g values
produce larger slopes for both blends, even though the
rest of the values in the parameter sets differ for each
of the three lines in each plot.

5. Summary

In this work we have developed new routes for the
characterization and prediction of blend properties. The
method our group and others have commonly used in
the past has involved fitting pure component pressure-
volume-temperature (PVT) data in order to obtain the
pure component characteristic parameters and then
fitting to a blend critical temperature (upper or lower)
in order to determine the mixed interaction parameter;
this was called the pure/LCST route. In contrast, the
two new methods both involve fitting a relatively
smaller set of data on the mixture alone so as to obtain
the complete set of parameters, both pure and mixed.
The older route makes use of mixture data in one
dimension (a critical temperature), while the new routes
span two dimensions (neutron scattering data as a
function of temperature) or three (mixture PVT surface-
(s)). In the first part of this paper we described using
the analytic expressions derived from the lattice BGY
theory to fit the experimental data via all three routes.
In the second part of the paper we investigated the
extent to which each of the methods lead to a thermo-
dynamically consistent picture of the blend. We probed
this by using the characteristic parameters obtained by
analyzing one set of blend data to predict the remaining
two sets of results and then comparing the BGY predic-
tions to experiment. It is useful to recognize that the
different experimental routes have different limitations.
The “pure/LCST” route involves fitting a mixture tem-
perature, typically associated with a pressure of 0.1
MPa. Neither composition nor pressure dependence is
reflected in this datum point. Use of the neutron
scattering data (“NS route”) involves fitting the inverse
zero-angle scattering intensity as a function of temper-
ature. These data were associated with a single com-
position and a single pressure, again 0.1 MPa. Depend-
ing on the system of interest, results at several
compositions may be available; we chose to use the more
common case in which the available results were limited
to one composition. The analysis of the mixture PVT
surfaces (“mix route”) incorporated results for two
compositions over a range of both temperature and
pressure.

How consistent are the three routes? We found that
the predicted results using the three methods were in
semiquantitative to quantitative agreement with each
other. The largest discrepancy had to do with the
mixture PVT surface of the PS/PVME blend. In this
case, particularly with the 70% PS blend, the presence
of the glass transition and the LCST in the temperature
range of the PVT data resulted in diminished agreement
between prediction (using parameters obtained below
the LCST and well above the glass transition) and
experiment. A separate question has to do with the

Figure 10. BGY predictions for the inverse zero-angle
neutron scattering intensity as a function of inverse temper-
ature (in each of (a) and (b), the solid line represents the fits
to experimental data, and the remaining lines are the predic-
tions). (a) For PS/PVME using the mixture surface parameters
(long dash), pure/LCST (dPS blend) parameters (dotted), and
pure/LCST (hPS blend) short dash. (b) For PS/TMPC using
the mixture surface parameters (dotted) and the pure/LCST
(hPS blend) parameters (dashed).
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agreement between the BGY predictions and the ex-
perimental data. This was found to range from good to
excellent. We note, in particular, that the theory cor-
rectly predicted the experimentally observed narrowing
of the coexistence envelope for the d-PS/PVME blend
relative to that for the h-PS/PVME blend. In addition,
the predictions for the LCSTs of the blends were either
identically the experimental values (PS/PVME) or within
6-10 K of experiment (PS/TMPC). We expect there to
be some experimental error in the coexistence curve
data; however, there is no way for us to quantify the
amount.

Overall, the fewest data points are associated with
the SANS route, and yet fitting roughly five data points
appeared to yield a set of optimized parameters which
were just as effective at predicting blend behavior as
fitting the many more data points needed for the
mixture PVT surface. On this basis it is tempting to
endorse SANS as the route to follow in characterizing
blend thermodynamics. The main drawback here is that
we still do not know how to account for the effect of
deuteration on the predictions. The closest we could
come was in analyzing both the hPS/PVME LCST and
the dPS/PVME LCST to find the g factor. While this
brought the value of g closer to that obtained by fitting
the LCST, it yielded only a partial accounting for the
effects of deuteration, as it still did not allow us to
determine the difference (if any) in pure component
parameters for h-PS compared to d-PS. This is surely
an issue in assessing plots in which the predicted and
experimental inverse zero-angle scattering as a function
of inverse temperature are compared and leads us to
believe that it would be valuable to collect PVT data on
one or more deuterated polymers in order to determine
what effect, if any, the deuteration has on pure compo-
nent properties.

Several trends have appeared in our analysis so far:
As the difference between pure component interaction
energies increases, the breadth of the coexistence en-
velope also appears to increase. This difference in
energies is roughly 100 J/mol for the PS/TMPC blend
and approximately 200 J/mol for PS/PVME. The bi-
nodal/spinodal is considerably narrower for the former
than the latter. In addition, we note that changing the
value of the g factor, which characterizes the difference
(through the ratio) of the mixed interaction energy from
the geometric mean approximation, causes the value of
the critical temperature to shift. The critical tempera-
ture also depends on the molar mass of the components,
while the critical composition is controlled by the
relative molar masses of the two components. For
example, in this work we determined the g factor via
the pure/LCST route for the PS(110 000)/PVME(99 000)
blend to be 1.0017. The g value may be used to make
predictions on any other molecular weight PS/PVME
blend (although it would likely not apply to oligomeric
mixtures). Thus, for a PS(67 000)/PVME(95 000) blend
we predict a critical temperature of 404.5 K and a
critical composition of 0.51 weight fraction PVME, which
compares well with the experimental result of 403 K
and 0.5 PVME.24 Note that the critical composition has
shifted to lower PVME weight fraction relative to the
value of about 0.7 weight fraction for the higher molec-
ular weight blend we originally studied.

In terms of correlations with g, we also found that
for each of the blends the ordering of the plots of inverse
scattering intensity as a function of inverse temperature

correlated with the value of g, the largest value of g
being identified with the plot having the largest slope.
However, it is difficult to interpret the relative ordering
associated with the different methods of analysis since,
as noted above, we still do not yet understand the
influence of deuteration on the value of g.

The literature is sprinkled with efforts to make
predictions on blend properties by using experimental
data on the pure components along with some means
of accounting for the mixed interaction without having
to analyze data on the mixture itself. Indeed, some of
us have contributed to such efforts. Having analyzed a
variety of blends, including the ones studied here, we
believe that such a route is likely to produce rather
narrowly defined successes. Accurate prediction of the
free energy of mixing means finding the correct balance
between a very small energy and a similarly small
(temperature times) entropy of mixing. Thus, to account
for partial miscibility, one is hostage to what are often
exquisitely minute deviations in the mixed interaction
energy relative to the geometric mean approximation.
On the basis of the results described here, we would like
to suggest an alternate way of proceeding. Through the
use of one of the new routes we have outlined in this
paper it is possible to bypass altogether the collection
of pure component data and focus entirely on a rela-
tively modest set of data on the mixture. In this work
we have used mixture PVT data and zero-angle scat-
tering intensities as a function of temperature. In the
former case we made use of results for two compositions;
however, qualitatively similar conclusions can be drawn
if only one PVT surface (for a single composition) is
analyzed. The data requirement using SANS results is
even more sparse: one composition, atmospheric pres-
sure, and as few as five data points. Analysis of either
data set leads to a complete set of both pure and mixed
characteristic parameters which yield predictions for
blend behavior over a range of composition, tempera-
ture, and pressure which are in good to superb agree-
ment with experimental results. In addition, we have
found that the resulting pure component parameters
may be used effectively in predicting pure component
PVT surfaces. Consideration of alternative routes to the
equation of state properties for pure components will
be the subject of a future paper.
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