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could be a drawback of the present system when it is 
used for technological applications. Photoinduced phase 
transition, however, may be triggered not only by the ion- 
ization process as presented in this paper but by molec- 
ular conformational changes such as cis-trans isomeriza- 
tion. In that case it will be possible to control both the 
swelling and shrinking by using two lights with different 
wavelengths. We are currently studying various sys- 
tems on the basis of this idea. 

We believe that the work presented here is of techno- 
logical importance in developing various optical devices, 
such as optical switches, display units, and three-dimen- 
sional holograms. The phase transition induced by light 
will also provide a means to carry out high-speed kinetic 
experiments of volume changes in gels, where the pertur- 
bation time is extremely fast. According to the princi- 
ple of kinetics of gels, the time needed for swelling and 
shrinking of a gel is proportional to the square of the 
characteristic linear dimension of a gel. It is expected 
that a spherical gel with a diameter on the order of 
micrometers will respond to environmental changes within 
milliseconds. In order to carry out such a fast kinetic 
experiment it is important that the environment be altered 
extremely rapidly. For this reason the light-induced phase 

transition will be important since the perturbation time 
is extremely fast. 
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ABSTRACT: Three different statistical thermodynamic models of compressible binary polymer blends 
are used to compute the extrapolated zero-angle coherent scattering S,,(O) by one of its components. The 
models are taken from Flory-Huggins theory, equation of state theories, and Dickman-Hall continuum 
modifications of lattice theories. The computed zero-angle scattering is analyzed using the conventional 
incompressible RPA model to produce the effective Flory interaction parameter, xefp When input poly- 
mer-polymer interactions that are composition and molecular weight independent are used, the computed 
xeff values exhibit strong composition and molecular weight dependences, solely as a result of the inappro- 
priateness of the incompressible blend model used to define xefP The vanishing of the reciprocal of S,,(O) 
is shown to describe the spinodal line for a compressible binary blend at constant volume, but this is found 
to differ from the constant-pressure spinodal line. While our computed xeff values display some composi- 
tion-dependent trends observed experimentally, several others cannot be generated. Hence, future studies 
will investigate the influence of composition and molecular dependences of the polymer-polymer interac- 
tions on Xefp Nevertheless, the simplest models employed here focus on the need for analyzing experimen- 
tal data with thermodynamically more faithful models than the incompressible RPA if the desire is to 
obtain fundamental molecular information concerning basic polymer-polymer interactions in a blend. 

I. Introduction 
Theories of the structure and thermodynamics of poly- 

mer blends have been of considerable interest in ascer- 
taining those characteristics promoting mixing or pro- 
ducing particular morphologies of phase-separated sys- 
tems. These theories have been used in conjunction with 
neutron-scattering data and Monte Carlo simulations to 
provide an important tool in studies of the effective inter- 
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action parameter that governs the phase behavior of poly- 
mer blends. Extrapolated zero-angle neutron-scattering 
data provides a direct approach to the blend polymer- 
polymer interaction parameter, but the extraction of this 
effective interaction parameter is based on the use of ran- 
dom-phase approximation (RPA)' that assumes blend 
incompressibility. While the zero scattering angle limit 
of the RPA agrees with incompressible Flory-Huggins 
theory,' there are several reasons why the incompress- 
ible RPA model obscures essential physics of blends, such 
that the extracted effective interaction parameter does 
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not have the desired molecular interpretation. 
Blends are liquids and therefore must be compress- 

ible. Polymer melt compressibilities are comparable to 
those of the monomeric  liquid^.^ Hence, the melts and 
blends contain free volume that contributes to the entropy 
of the system and that can, in principle, affect the ther- 
modynamic properties obtained from the extrapolated 
zero-angle coherent scattering experiments. This free- 
volume entropy is related to some of the so-called “equa- 
tion of state terms” in the equation of state t h e ~ r i e s , ~  
and clearly similar contributions must arise in polymer 
blends. 

Recently, there have been a few treatmentP7 that 
include the free volume and that are shown here to describe 
“semi-compressible” polymer blends in which the free vol- 
ume is taken to be independent of blend composition 
because the treatments neglect interaction parameters 
that account for the large free energy cost of producing 
free volume. Freed5 and Sariban and Binder6 apply Flory- 
Huggins theory of such a semi-compressible binary blend 
to evaluate the extrapolated zero-angle neutron-scatter- 
ing structure factor S(q=O) and the associated Flory effec- 
tive interaction parameter Xefp Freed5 shows how both 
the composition and molecular weight dependence of Xeff 
can be greatly altered from the standard incompressible 
RPA analysis when due cognizance is taken of the pres- 
ence of free volume. An Edwards style compressible RPA 
treatment by McMullen and Freed7 produces the same 
q - 0 limit as in refs 5 and 6 and thereby supports these 
previous thermodynamic models. 

This paper studies the effective interaction parame- 
ter, xeff, for a fully compressible blend in which there is 
free volume and in which its variation has an associated 
change in free energy. Thus, the amount of free volume 
is composition dependent and may be eliminated from 
the theory, for instance, by use of the equation of state. 
Three different models are employed to describe the free- 
volume contribution to the free energy, namely, Flory- 
Huggins theory,’ theories in the spirit of Flory’s equa- 
tion of state t h e ~ r y , ~  and the Dickman-Hall molecular 
liquid theory formulation’ for correcting deficiencies of 
lattice models. Because of the presence of free volume 
in, for instance, the Flory-Huggins lattice model, there 
are now three independent interaction energies t l l ,  tZ2, 

and t12. Our analysis departs from the prior one-inter- 
action parameter RPA treatment of Xeff by including all 
three interactions and their effect on the customary incom- 
pressible RPA analysis. 

Section I1 outlines the theoretical background, dis- 
cusses three models studied, and derives a new expres- 
sion for the customarily defined Xefp Section I11 pro- 
vides graphs depicting how the traditionally defined xeff 
depends on blend composition, molecular weights, the 
tLl! free volume, and the model employed, even when the 
original interaction energies til are independent of com- 
position, molecular weight, and free volume. Section IV 
contrasts the phase stability conditions for a single homo- 
geneous phase in compressible blends at  constant vol- 
ume and a t  constant pressure and describes the spinodal 
diagrams for these two cases. Our results have a bear- 
ing on the use of experimental xeff to predict the loca- 
tion of spinodals. 

11. Effective Flory Parameter, xeff, for 
Extrapolated Zero Angle Neutron Scattering from 
Compressible Blends 

Neutron-scattering experimentsg are a powerful tool 
for studying the nature of molecular interactions in poly- 
mer blends. The extrapolated zero scattering angle struc- 

ture factor yields the effective monomer-monomer inter- 
action parameter xeff that provides one measure of the 
molecular interactions in the blend and that appears also 
in theories of polymer interfaces and phase-separation 
dynamics. On the other hand, this Xeff is also a purely 
thermodynamic parameter that may be evaluated from 
statistical thermodynamics. 

We study the influence of blend compressibility on Xeff 
by considering three models of the blend thermody- 
namic properties that are designed to exhibit the robust 
nature of our conclusions. The first model is the Flory- 
Huggins mean-field approximation’ to the lattice model 
in which lattice sites are either occupied by one mono- 
mer of the self-avoiding polymers or are empty. These 
empty sites, called voids, represent free volume, whose 
presence characterizes the liquid state and makes the liq- 
uid compressible. Other models for the free-volume con- 
tribution to the blend entropy of mixing are considered 
based on the equation of state theories4 and on the Dick- 
man-Hall approaches’ for rectifying deficiencies of lat- 
tice models by use of theories and simulations for small- 
molecule fluids. Theories that include corrections” beyond 
the Flory-Huggins (FH) approximation are left for future 
study of the influence of monomer structure on xefp 

Since neutron-scattering experiments are performed with 
a constant scattering volume, we consider the Helmholtz 
free energy, F. All of the three models studied have the 
compressible binary blend free energy given by 

g1u414, + g2u424, + fl4l+ f242 (2.1) 
where N ,  is the total number of lattice sites, 4i is the 
volume fraction of species i (i = 1, 2), Mi is the number 
of lattice sites occupied by chain of type i, and f i  is the 
specific free energy of pure species i per lattice site. The 
interaction parameters g, are related to the nearest- 
neighbor van der Waals attractive energies tij as 

(2.2) 
where the void “interactions” obey e,, = tlv = t2,, = 0 because 
voids do not interact and where z is the lattice coordina- 
tion number. The gij values are taken to be indepen- 
dent of composition, but future work will study the influ- 
ence of their composition and molecular structure depen- 
dence. The function fF(4J is the contribution to the free 
energy F from the presence of free volume, and it is this 
function that differs between models treated. 

FH theory expresses the free-volume contribution as 

fFFH(4,) = 4” In (2.3) 
Equqtion of state theories: on the other hand, attempt 
to describe the free-volume entropic contribution in a 
more realistic and elaborate way than the expression 2.3. 
These approaches distinguish between the total volume, 
V, and the close-packed volume, V*. Here, we consider 
the simplest original Flory equation of state (FES) in 
which the free-volume contribution is 

fFFES(4,) = -341 - 4”) In [(l - 4J1’3 - 11 (2.4) 
where c is a phenomenological parameter and 4” = (V  - 

Dickman and Hall’ compare Flory-Huggins theory with 
the Carnahan-Starling equation of state of hard-sphere 
fluids” to develop what they call a generalized Flory equa- 
tion of state. Their analysis is provided only for a sin- 
gle-component polymer system. A reasonable guessti- 

gij = ~ ( t i i  + t j j  - 2t i j ) /2kT 

V*)/  v. 
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mate of the extension of their simplest approach to a 
binary blend leads us to take 
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In [ l  - x( l  - @,,i6I2] (2.5) 

where a and b are constants that depend on the excluded 
volume of polymer chain segments as modeled by hard 
spheres. Dickman and Hall' and Honnell and Hall1' 
develop further equations of state that are more accu- 
rate and algebraically more complicated. These gener- 
alizations may be treated straightforwardly but more 
tediously by the analysis given below. 

The chemical potentials pi, i = 1, 2, of each of two 
blend components are easily obtained by differentiating 
the free energy F with respect to number of chains ni, 
giving 

and 

gl& + gZu(4,, - $2, + constant (2.7) 

where 

and a' and b' are constants. 
The partial structure factor of one of two polymer spe- 

cies, say Sll(0) (for scattering by monomers), is related 
to the chemical potential p1 by 

The derivative a(pl/Ml)/an, at constant chemical poten- 
tial p, may be expressed in terms of derivatives at  a con- 
stant number of chains ni through the thermodynamic 
identity 

- - 
V,T,rz 

Combining eq 2.10 with eqs 2.6-2.8 yields 

with 

f Z H  = 1 / 4  (2.12a) 

] (2.12c) x 

6[1-  d l  - 4,)/612 
When free volume is absent, we have 4" = 0, and eqs 
2.12a-c yields [fS(4,)]-l = 0 for the Flory-Huggins and 
equation of state models. Thus, in these cases eq 2.11 
reduces to the well-known RPA formula for an incom- 
pressible blend 

that provides the customary definition of the effective 
interaction parameter Xeffincomp . The generalized Flory 
theory of Dickman and Hall does not produce [fs(4,,=0)]-' 
= 0 because excluded-volume repulsion of hard-sphere 
polymer segments must always leave free volume, even 
in the limit of closest packing. 

Turning now to compressible blends, the effective mono- 
mer-monomer interaction parameter, Xeff, is tradition- 
ally defined as 

1 ]/2 (2.14) 

where the nominal volume fractions are 

9i = @J(l-  4,) i = 1, 2 (2.14a) 
9, + 9 2  = 1 (2.14b) 

When eq 2.11 is substituted into eq 2.14 and the equa- 
tion is rearranged, it is found that 

The first two terms in eq 2.16 are exactly the Xeffincomp*vu 
derived by one of us5 for an incompressible Flory-Hug- 
gins blend with free volume, i.e., with constant 4" and 
g,, = g2" = 0. The same results (eq 2.16) also emerge 
from a generalization of the Edwards style RPA theory 
to an incompressible blend.7 The difference between Xeff 
and Xeffincomp,su appears in the correction term, xeff""", 
that depends on polymer composition 9,, the molecular 
weight M, of the second component, the polymer-poly- 
mer interaction g12, glut and g,, (see eq 2-21, and the model- 
dependent free-volume contribution fs(4,) of eq 2.12. 

Several limiting forms can readily be derived from the 
general expression in eq 2.15. The condition M,@,(l - 
4") >> 1 applies for large M2 and not too small a2. In 
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this case eq 2.15 simplifies to 

X 4” 1 1 1 
Xeff = g12 - ziT[m + ml + 2[fs(4,) - %,“I 

If the two polymers have identical polymer-polymer inter- 
actions, then glY = gZy and eq 2.17 further simplifies to 

On the other hand, when the polymers are quite dissim- 
ilar and lgly - g,,l >> g,,, eq 2.17 reduces to 

(2.19) 
in which the contribution to Xeff from the correction term 
in ( g l u  - g,,)’ may become considerable for large differ- 

111. Computation of the Interaction Parameter, 
Xeff 

Equation 2.15 explicitly provides the neutron scatter- 
ing Xeff for arbitrary concentrations 9, of the compress- 
ible binary blend. In order to consider blends in the one- 
phase region, the parameters g12, gly, g,,,. M , ,  M,, and ?$ 
must be chosen according to the stability conditions 
described in section IV (see eqs 4.1-4.3). Then a plot of 
the specific free energy of mixing P i x / N l k T  against 
a, is convex over the whole concentration region, and 
the pressure is positive for all a,. In a compressible blend 
the lack of a loop in P ” / N 1 k T  versus 9, does not exclude 
the occurrence of a negative pressure, which may arise 
when too large a value is chosen for the parameter 4”. 
Our computations obtain 4, approximately from the equa- 
tion of state for a blend with 9, = 0.5 a t  l atm of pres- 
sure to ensure a positive pressure for all 9,. 

The free energy of mixing is readily obtained from eq 
2.1 by subtracting the specific contributions from the pure 
components 1 and 2 

P i X / N , k T  = FfNlkT - f141- f242 (3.1) 
The pressure P is computed as the derivative of F with 
respect to  the number of voids n, 

ences I&” - gzuI. 

where u3 denotes the volume of a unit lattice cell. Using 
F from eq 2.1, P is obtained as 

where the three different models yield 

where a and b are constant and 7 (1 - 4u)ir/6. Given 
choices of polymerization indices M ,  and M ,  (proportion- 
al to the molecular weights) and of the energetic param- 
eters gl,, glv, and g,,, obtained as described below, val- 
ues of 4” are evaluated from eq 3.3 such that P(9J = 1 
atm over the whole concentration range. 

Since 4” appears in eq 2.15 as a parameter, it may be 
chosen arbitrarily for 4” 5 4,*(M,,M,gi,)., where 4,* pre- 
scribes the limits of stability. Alternatively, the equa- 
tion of state (eq 3.3) may be used to determine 4,,(9,) for 
given M,,  M,,  and g,. Both approaches require a choice 
of cell volume and temperature. We use u3 = (2.5477 
A)3 and specify g,, rather than tij, and temperature; but 
to obtain P we choose T = 300 K. However, for all three 
models over the wide range of M,,  M,, and gij consid- 
ered, the value of 4” determined from the equation of 
state for P = 1 atm is quite slowly varying with 9, (about 
10% variation), and consequently the Xeff values com- 
puted with @,(a,) or an average 4” are nearly identical. 
Thus, as discussed further below, we use a single aver- 
age $”. The pressure is very sensitive to even a small 
change of 4, and 9,. Hence, employing a single average 
$, causes the pressure to vary significantly over the whole 
concentration range (for example, within 250 atm for M ,  
= 100, M ,  = 90, g,, = 0.01, gIy = 2, g,, = 2.1, and 4u = 
0.06). 

The polymer-polymer model interaction parameter g,, 
in eq 2.2 is a linear combination of three model energies 
e,,, e,,, and e Computations are performed for g,, in 
the range 10-y110-4 that provides a single phase for the 
M ,  and M ,  considered. The parameter glY (or gZy) is related 
to a single polymer-polymer energy parameter e,, (or e,$ 
and is of the order kT because the creation of a void 
must cost an energy of roughly this magnitude. 

Since xeff(al) is a function of M,, M,, g12, gly, gZv, and 
$,, our computations are presented in the form of plots 
of Xeff versus a, for a few different values of one chosen 
parameter, keeping the others unchanged. Figures 1-6 
are obtained using Flory-Huggins theory and a @,-inde- 
pendent 4”. 

The influence of 4” on Xeff is displayed in Figure 1. 
Smaller 4” makes g,, more closely approach xeff and makes 
Xeff less dependent on 9,. This behavior is quite under- 
standable: by decreasing the free volume, we approach 
the limit of an incompressible blend where Xeff = g,, for 
all 9,. Alternatively, this behavior follows from eq 2.15 
where the first correction is proportional to 4”, while fs(4,) 
in the denominator of the xeff“““ grows as 1/4“ (see eq 
2.12) for 4” - 0. 

Figures 2 and 3 show Xeff for various polymerization 
indices. Larger M ,  and M ,  act in the same direction as 
smaller 4”; i.e., they cause xef to tend more to g,,. This 
behavior follows from the M i  dependence of the correc- 
tions in eqs 2.15 and 2.17 so long as gly does not greatly 
depart from g,”. Large differences between M ,  and M2 
make xeff more asymmetrical as a function of Vari- 
ous values of g,, produce corresponding Xeff (see Figure 
4) that are close to the respective g,, for 9, = 0.5 and 
g,, in the higher ranges. If g,, is sufficiently small, the 
corrections make g,, depart more considerably from Xeff, 
which now can be negative over the whole concentration 
range. This behavior arises from eq 2.16 when the sec- 
ond term dominates and determines the sign of xeff 

The curves xeff(9,) in Figures 1-4 are all computed 
for the energetical parameters gIy = 2 and g,” = 2.1. When 
we take glu and gZy to be equal, the curves remain prac- 
tically unchanged, and xeff(9,=0.5) is still close g,, unless 
g,, is very small. Values of glY and g,, that differ, for 
example, by as much as as unity generate Xeff much greater 

f 
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Figure 2. Same as Figure 1 for M ,  = 100, g,, = 0.01, gJu = 2, 
gZv = 2.1, 4" = 0.06, and various values of the polymerization 
index, M,, of component 2. The solid curve is for M2 = 500, 
the dot-dashed curve for M, = 300, the short dash curve for M2 
= 100, and the long dash curve for M ,  = 50. 

than g,, (see Figures 5 and 6). Note that the shape of 
the curves changes when the difference g,, - g," is posi- 
tive and sufficiently large (see Figure 5). 

Equation 2.15 exhibits a dependence on the three mod- 
els only through the factor of fs(4,) in the denominator 
of the last term. The limits in eqs 2.17-2.19 indicate that 
this contribution is largest for large differences Ig,, - 
g2J, but in actual calculations the three models yield very 
similar xeff(@J when g,,, and g,, are properly scaled between 
the models to yield the same pressures for given M,,  M,, 
g,,, and 4,. For instance, in the Dickman-Hall model it 
is necessary to use much higher glY and g2" (between 7.45 
and 6.45 instead of the range 2-1 for the Flory-Huggins 
model). The equation of state model has the extra adjust- 
able parameter c that may be chosen for arbitrary val- 
ues of gIy and g," to reproduce very closely the Flory- 
Huggins xeff(@,) curves. Hence, the Xeff values evalu- 
ated for the Flory-Huggins model are universal in the 
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Figure 3. Same as Figure 1 for M ,  = 100, g,, = 0.01, gJ, 7 2, 
g," = 2.1, 4, = 0.06, and various values of the polymerization 
index, M,, of component 1. The solid curve is for M ,  = 500, 
the dot-dashed curve for M ,  = 300, the short dash curve for M ,  
= 100, and the long dash curve for M ,  = 50. 
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Figure 4. Same as Figure 1 for M, = M? = 100, g l u  = 2, g,, = 
2.1, 4, = 0.06, and various values of the interaction parameter 
g12. The solid curve corresponds to g,, = 0.0001, the dot- 
dashed curve tog,, = 0.001, the short dash curve tog,, = 0.005, 
and the long dash curve to g,, = 0.01. 

sense that their general shapes do not depend on which 
of the three models of free volume is employed. 

Considerable effort is currently being devoted to small- 
angle neutron-scattering experiments on polymer blends 
in order to extract the effective interaction param'eter, 
xeff, that is believed to provide molecular information 
on basic polymer-polymer interactions and thereby yield 
insight into molecular characteristics promoting mixing 
of blends or particular morphologies in phase-separated 
systems. However, this approach is only as adequate as 
the theoretical models used to analyze the experimental 
data. If, as we demonstrate here, the theoretical models 
(e.g., incompressible RPA) do not appropriately reflect 
the actual physical situation, then the extracted Xea from 
these models contains spurious dependences on molecu- 
lar weights and blend composition. 

Small-angle neutron-scattering experiments are gener- 
ally analyzed using an incompressible RPA model whose 
extrapolated zero-angle limit is already obviously in con- 
flict with the wide body of literature on models of equa- 
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Figure 5. Same as Figure 1 for M, = M ,  = 100, g,, = 0.01, g l v  
= 2, 4" = 0.06, and various values of the interaction parameter 
g,". The solid curve is for g," = 1, the dot-dashed curve for g," 
= 1.3, the short dash curve for g," = 1.7, and the long dash 
curve for g," = 2. 

0.04 

t 

1 ,,,,, ;-;-;< , , , , , , , , , , , [;.-.;*,,, ", 1 
0.00 

0.0 0.2 0.4 0.8 0.6 1.0 
0, 

Figure 6. Same as Figure 1 for M ,  = M ,  = 100, g,, = 0.01, g," 
= 2, 4" = 0.06, and various values of the interaction parameter 
glY. The solid curve refers to glu = 2, the dot-dashed curve to 
glzj = 1.7, the short dash curve to glu = 1.3, and the long dash 
curve to glv = 1. 

tion of state for blends. We use the simplest of the avail- 
able thermodynamics models of polymer blends to dem- 
onstrate  the  spurious behavior exhibited by the  
incompressible RPA analysis for XefP Our main point is 
that meaningful polymer-polymer interaction parame- 
ters must be extracted from experimental data by using 
faithful models of the blend thermodynamics. 

IV. Computation of Spinodal Diagrams 
The spinodal line for the limits of stability for a homo- 

geneous one-phase blend is often estimated by using the 
experimentally determined Xeff in eq 2.14 with the con- 
dition [S,,(O)]-' = 0. In view of the questions raised in 
section I11 concerning the appropriateness for real blends 
of the conventional definition (eq 2.14) for xeff, we now 
analyze the accuracy of such an approach for compress- 
ible blends by contrasting this stability analysis with that 
dictated by thermodynamic considerations. 

For a compressible binary blend at  constant volume 
V, the existence of a stable (or metastablets homoge- 
neous phase requires the following conditions 

f4,4, > O i = l , 2  (4.1) 

where 

is the second derivative of the specific Helmholtz free 
energy FIN,  (see eq 2.1) with respect to the volume frac- 
tions $i and $ j .  When taking the derivative in eq 4.3, 
the volume fraction 4,, of voids is not held constant as 
we have d$; = -d$" at fixed $ j  (j # i) and volume. Using 
eqs 2.1 and 2.3, the conditions in eqs 4.1 and 4.2 take the 
form 

i = l , 2  (4.4) 

When the left-hand side of the inequality eq 4.5 is set 
equal to zero, the equation governing the spinodal line 
is determined as 

It is easy to show that eq 4.6 is equivalent to the vanish- 
ing of the reciprocal of the partial structure factor6 
[S,,(O)]-' (see eq 2.11) 

Thus, a combination of the traditional RPA analysis of 
Xeff, with an extrapolation to find the conditions for which 
eq 4.7 applies, provides a consistent approach for deter- 
mining the constant-volume spinodal of a compressible 
blend, despite the apparent inconsistency of appearing 
to ignore blend compressibility throughout the analysis. 
On the other hand, many experiments on the thermody- 
namics of phase separation are performed a t  constant 
pressure, not constant volume, and we now consider how 
accurately the conditions eq 4.6 and 4.7 approximate the 
constant-pressure spinodal. 

A compressible binary blend at  constant pressure has 
volume fluctuations. It is more convenient in this case 
to determine the phase stability criteria in terms of deriv- 
atives of the Gibbs free energy, G. This condition is 

qi > o  
TQ 

where 9, is defined by eq 2.14 as the nominal volume 
fraction of component 1. Combining eqs 2.6 and 2.7 
together with the equation of state (eqs 3.3 and 3.4) and 
the thermodynamic identity 

(4.9) 
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Figure 7. Comparison of spincdal lines for a compressible binary 
blend at constant volume with 9, = 0.3, 0.2, 0.15, 0.1, and 0.05 
(solid lines: top to bottom, respectively) and at the constant 
pressures P = 1000, 100, and 1 atm (dashed lines: top to bot- 
tom, respectively). All curves are calculated for polymeriza- 
tion indices M, = 100 and M, = 90 and the interaction param- 
eters g,, = O.O3(3OO/T), glY = 2.0(300/T), and g,” = 1.7(300/ 
7‘). The critical points are slightly displaced from 9, = 0.5. 

where K is the isothermal compressibility 

K E - - -  (4.9a) 

and vi is the partial volume of component i 

vi=ci 
ani T,P,n, 

(4.9b) 

the stability condition (eq 4.8) translates into the equa- 
tion for the spinodal line at  constant P 

The eqs 4.4 and 4.10 for spinodals at  constant V and 
constant P, respectively, are different, and therefore, in 
principle, upon use of eq 2.2 they permit the construc- 
tion of approximate but differing phase diagrams T = 
T(@.,). Figure 7 contrasts the spinodal diagrams at  con- 
stant V (solid lines) and the spinodal diagrams at  con- 
stant P (dashed lines) for the following set of parame- 
ters: g,, = 0.03(300/7‘), glY = 2(300/T), g,” = 1.7(300/ 
T), M ,  = 100, and M ,  = 90. In constructing the constant- 
pressure spinodals, the volume fractions 4” of voids are 
determined from equation of state (eq 3.3) with a = 2.5477 
A. Thus, it is necessary to solve both eqs 4.10 and 3.3 
for given P simultaneously to obtain the coexisting phases 
with a1’, a,‘ = 1 - a,’, and 4; and with CP,”, CP2” = 1 - 
CP1”, and 4,”. This is accomplished iteratively by use of 
the input guess of 4” generating from P(9,=0.5). For 
temperatures below critical point this procedure rapidly 

converges after a few steps, ensuring therhodynamic con- 
sistency. 

To generate the spinodals a t  constant V, we simply 
take 4, as a constant. 

The spinodal diagrams (Figure 7) at constant V and 
at  constant P have similar parabolic shapes, but they are 
quite different. They are not symmetric about CP, = 0.5, 
and the critical point does not have CP, = 0.5. The crit- 
ical temperatures at  constant P vary with P just as the 
critical temperatures a t  constant V vary with 4”. Con- 
sequently, the spinodal line predicted on the basis of an 
RPA analysis of small neutron scattering may be quite 
inaccurate for predicting the spinodal in constant-pres- 
sure experiments. 

V. Discussion 

We analyze simple thermodynamic models of a binary 
compressible blend. Compressibility dictates that there 
are three independent interaction parameters. The lat- 
ter may be polymer-polymer and polymer-void model 
parameters g12, gly, and g,, that are assumed, for simplic- 
ity, to be independent of composition and of individual 
monomer molecular structure. In reality, all three param- 
eters are functions of the volume fractions $., and (b2 and 
the monomer molecular structures of both com- 
ponent~ . ’~  

The assumption of composition-independent gij is used 
here to focus attention on the inadequacy of the incom- 
pressible RPA analysis of XefP A more thorough solu- 
tion of the lattice model of polymer blends than that of 
Flory-Huggins theory shows that each gij, in general, con- 
tains an entropic portion as well as an energy part with 
separate rich molecular structure and composition de- 
pendence~. ,~ Such a general and more realistic descrip- 
tion of the compressible blend is much more complex 
than the simplest analysis given here, but it will be stud- 
ied in the future to provide insight on the molecular struc- 
ture dependence of XefP 

We use the traditional RPA analysis to extract Xeff from 
the zero-angle coherent scattering that is computed from 
Flory-Huggins, equation of state, and Dickman-Hall type 
models. The computed Xeff values exhibit strong com- 
position and molecular weight dependences solely as a 
result of the inappropriate incompressible RPA analy- 
sis. In some instances, Xeff even has the opposite sign 
from the input polymer-polymer interaction parameter 
g,,. Considering that the Xeff values, obtained from an 
incompressible RPA analysis, are often used in theories 
of phase-separation dynamics, interfacial profiles, etc., 
internal consistency of the Xeff values between different 
phenomena does not necessarily justify the original incom- 
pressibility model. Rather, the models may be consis- 
tent but wholly inadequate to represent the actual phys- 
ical situation. An example of the latter is provided by 
our analysis of the RPA-based estimation of spinodals. 

Our computed xeff values are invariant to the choices 
taken for the entropy associated with free volume (over 
the range parameters studied), and the Xeff curves dis- 
play sharp composition dependences that mirror some 
experimental Xefp However, our computations yield con- 
cave down and down-flat-up shapes for xefp This does 
not, however, produce the convex-up dependences observed 
experimentally. On the other hand, the theory of cor- 
rections to the simple Flory-Huggins a p p r o ~ i m a t i o n ’ ~ ~ ~ ~  
displays a strong composition and monomer structure 
dependent to the input g,,, gly, and g2“, and this likely 
induces considerable extra structure to xeff that will be 
described elsewhere. 
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ular structure dependence of the gi j ,  and considerable 
interest in lower solution critical points provides one strong 
motivation for studying these richer models of the gij. 

Theories of coherent scattering from polymer blends 
are significantly more difficult than are statistical ther- 
modynamic theories of blends. Since the extrapolated 
zero-angle coherent scattering is a thermodynamic quan- 
tity, the better known blend thermodynamics should be 
applied in this limit if the objective is to obtain funda- 
mental information concerning the molecular interac- 
tions in a blend that govern miscibility and phase dia- 
grams. Our contrasting of the predictions of a standard 
incompressible RPA analysis with the actual physical sit- 
uation, as represented by a simple input model, indicate 
that blend compressibility strongly affects the interpre- 
tation of the data and further suggests the need for im- 
provement15 in theories of the coherent scattering such 
that the limiting zero-angle scattering be consistent with 
a more realistic description of the blend thermodynam- 
ics. 

The main conclusion of our simple analysis is that a 
one-interaction-parameter description of polymer blends 
produces a gross oversimplification of the actual physi- 
cal systems. Hence, these incompressible blend models 
obscure some molecular factors governing blend misci- 
bility, phase separation, etc. Desired molecular informa- 
tion on effective interaction parameters can be extracted 
from experimental data by using more realistic models 
of blend thermodynamics. Unfortunately, these more real- 
istic models are, of necessity, many parameter models 
requiring considerably more input data for determina- 
tion of the desired molecular interaction parameters. The 
three models studied here are approximate, but they are 
far superior to the incompressible blend model that is 
most widely used to extract and interpret XefP Use of 
even better models to analyze experiments should pro- 
duce physically more meaningful molecular interaction 
parameters. 

The experimental parameter xeff is usually calculated 
from the observed scattering Se,,(q) by subtracting16 a 
weighted average of the scatterings S(')(q) correspond- 
ing to pure components 

S(q) = S,,,(q) - &S(')(q) - $2S'2'(q) (5.1) 
in order to remove approximately contributions from den- 
sity fluctuations. The volume fraction, & in eq 5.1 may 
be represented by either the nominal volume fraction, 
ai, or experimental volume fraction, = Vi/(V, + 
V2). Subtracting the contributions of pure components 
of blend from S,,(O) and/or using do not qualita- 
tively change the concave-down shape of curves Xeff(GP1) 
or xeff(dlexp); strong molecular weight and composition 
dependences are maintained. We may also account for 
the differing scattering lengths and express the total scat- 
tering by a compressible blend as 

S(0)  = ~1~S11(0) + 2~1~2S12(0) + P ~ ~ S , ~ ( O )  (5.2) 
where p1 and p2 are reduced scattering lengths normal- 
ized such that p1 - p2 = 1. Again, use of eq 5.2 with or 
without the subtraction of eq 5.1, etc., does not alter the 
general qualitative conclusions described in the previous 
paragraph, namely Xeff is molecular weight and compo- 
sition dependent within our model of calculations solely 
because of the use of the incompressible RPA to analyze 
a compressible system. 

Given the inadequacy of the RPA theory in represent- 
ing the zero-angle scattering data, it becomes natural to 
question whether the q dependence of this RPA model 
is likewise grossly deficient. A recent compressible RPA 
calculation by McMullen and Freed' recovers the first 
correction term in eq 2.16 but misses xeffCOr' because of 
explicit neglect of the free energy cost of introducing free 
volume into the system. This suggests m~dification'~ of 
the Edwards style models and RPA calculations to bring 
them in line with known thermodynamics of blends. 

Experimental estimates of the spinodal are obtained 
using empirically determined xeff from the RPA analy- 
sis and the incompressible  blend spinodal condition 
[S,,(O)]-l = 0. Despite the apparent inconsistency of this 
procedure for actual compressible blends, we demon- 
strate that this process correctly provides the constant- 
volume spinodal. However, many experiments on phase 
behavior of blends are performed a t  constant pressure, 
and the constant-pressure spinodals can be quite differ- 
ent from their constant-volume counterparts. In the exam- 
ple considered the shapes of the curves are similar, but 
the critical temperatures differ. Both cases yield only a 
single spinodal curve. We expect that a second one will 
emerge upon introduction of the composition and molec- 
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