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SUMMARY 
Non-random partitioning of molecular probes in a polymeric mixture was examined 

with Kirkwood-Buff-Zimm (KBZ) cluster integrals. Equations were derived to give rela- 
tionships of thermodynamic quantities that can be obtained by using inverse gas chroma- 
tography (IGC). The mer-mer correlation structure factor S*(AB)(0) in a binary mixture of 
polymers A and B in terms of the spatial distribution of a probe, S, around a molecule A 
and a molecule B is discussed. The derivation allows a direct assessment of the correla- 
tion structure factor obtained either from scattering experiments or from IGC measure- 
ments. The common polymer-polymer interaction parameter from the two types of 
experiments is discussed with respect to criticism concerning IGC. The detailed molecu- 
lar description of the probe behavior in a polymeric mixture at infinite dilution of the 
probe given in this work can be used in IGC studies of the microstructure of polymer 
mixtures or other mixtures of liquids. In order to illustrate our approach, the structure 
factor and the interaction parameter of the blends of polystyrene (A) and poly(buty1 
methacrylate) (B) were evaluated using IGC results of DiPaola-Baranyi and Degre. 

Introduction 

The non-random partitioning of molecular probes in polymer-solvent systems has 
been a major problem in studies of thermodynamics and structure by molecular 
probe techniques’.*). One of the most common problems concerns the probe depen- 
dence of the value of the polymer-polymer interaction parameter as determined by 
inverse gas chromatography (IGC), one of the molecular probe techniques. Attempts 
have been made to tackle this problem3”). However, a direct relationship between 
the probe non-random partitioning and its effect on the polymer-polymer interaction 
parameter has not been established. Such a relationship would not only help us to 
interpret results of IGC measurements on blends and understand the microstructure 
and interaction parameters in a mixture, it would also bring together the fundamen- 
tally different ways of determining thermodynamic parameters on a molecular level, 
i.e. scattering experiments and thermodynamic experiments with molecular 
probes6). 

In this article we apply Kirkwood-Buff cluster integrals’) in order to characterize 
the non-random partitioning of probes in a mixture. Employing the Kirkwood-Buff- 
Zimm (KBZ) cluster integral method by Ben-Naim8), Newman’) and Horta”), we 
derived thermodynamic relationships between the preferential solvation of probes at 
their infinite dilution in a binary mixture and the correlation structure factor of the 
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mixture, which can be directly determined from either scattering experiments”-’3) 
or by IGC experiments. We give an interpretation of non-random partitioning with 
respect to local compositions. In addition, we discuss the fundamental assumptions 
dealing with IGC data interpretation for polymer blends. 

We conclude that the approach presented in this work provides a good way of 
investigating the non-random partitioning and treating experimental data obtained 
by IGC. Our goal is to establish a way of determining the structure factor of poly- 
meric mixtures, and hence the interaction parameters. 

In this paper the non-random partitioning is defined as follows. A molecule, when 
it is dissolved in a polymer blend, does not probe the average composition in the 
mixture. It “feels” a local composition of the different components. The local com- 
position depends on the fluctuation of both the particle density and the chemical 
composition of the blend, as well as on the interactions of the probe with the differ- 
ent components. 

Cluster integrals and non-random partitioning characterized by preferential 
solvation 

The Kirkwood-Buff cluster integral is defined as the integral of the pair correla- 
tion function minus unity over a system, 

which forms a G matrix for a multi-component s y ~ t e m ’ ~ ’ ’ ~ ) .  In this definition, R 
stands for the vector that describes the relative position of the mass centers of mole- 
cules 1 and 2 in the system (i.e., R = R(2)  - R(1)). The physical significance of a 
Kirkwood-Buff cluster integral is related to the overall excess (or deficiency) of a 
given type (i) around a single “typical” molecule j compared to the average. In order 
to understand the direct (short-range) and the indirect (long-range) correlation, one 
may use the total correlation function as defined by, 

hij(R) = gij(R) - 1 

in Eq. ( 1 )  as suggested by Ornstein and Zernikei6). The term Gv(o)iGb(o) corre- 
sponds to the specific preferential solvation of component j by a molecuje of species 
i over species 1 when a j  molecule is dissolved in the bulk of a multi-component 
mixture*’ 17). Indirectly, it characterizes the compatibility of the inserted molecule 
with one component over another component in the mixture in terms of spatial dis- 
tribution. The value of the preferential solvation is useful for discussing the specific 
interactions of a species with the other components in a mixture, and is often used in 
discussions of solvation in ionic or polar mixtures of small  molecule^^"^). It is a 
very important quantity for describing the non-random partitioning of probe mole- 
cules in a mixture. as will be shown below. 
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Mer-mer correlation structure factor and preferential molecular solvation 

Molecular correlation and preferential molecular solvation 

When the probe concentration in an IGC experiment approaches zero, a ternary 
system returns to a binary system. A thermodynamic formula under this condition 
will contain separated thermodynamic quantities of the binary system, which can be 
determined by using a molecular probe technique. For the cluster integrals at infinite 
dilution of one of the components in a multi-component system, Ben-Naim derived 
the necessary equation. This formula can be used, for example, in dealing with the 
relationship of the cluster integrals and the measurable thermodynamic  function^'^). 
It is interesting to mention that the same expression was derived and used in studies 
of free energy of transfer of a component from one state to another in electrolytic 
solutions9) and supercritical fluids's320). 

Eq. (3) can be derived at infinite dilution of one of the  component^^^^*^^^^^) for a 
ternary system containing the solvent probe S, polymer A and polymer B, 

where ( w ) y r )  and (w)yiM) denote the probe activity coefficients (weight fraction 
based) in pure A, and in the mixture of A and B, respectively; k is the Boltzmann 
constant, ps  is the number density of the solvent probe molecules, S, and the super- 
script 00 stands for the infinite dilution of s; XA and XB are the mole fractions of A 
and B polymers in the mixture, respectively; the value V(=  XAVA + XBVB) is the 
molar volume of the polymer blend; bS stands for the free energy of transfer of the 
probe from the pure A to the AB mixture, and S(AB)(0 ) ,  the molecular correlation 
structure factor of the polymer blend, is defined 

for one mole of molecules of the mixture, where NA stands for the Avogadro num- 
ber. The second equivalence is obtained when higher order fluctuation terms are 
neglectedz4). A characteristic relationship of the cluster integrals is given by Ben- 
Naim's analysis2'), 

-m . where KY) is the isothermal compressibility of the blend and V s  is the partial 
molar volume of the probe. In Eq. (3, @A and @B stand for the volume fractions of 
the components A and B, respectively. Experiments are usually conducted separately 
on the pure compounds and their mixtures in IGC at infinite dilution of the probes. 
Eq. (3) shows the direct relationship between the preferential solvation and the free 
energy of transfer of probes, such as solvents. In studies of polymers, volume 
changes due to fluctuations are usually important because they strongly affect the 
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properties of polymeric mixtures25). In the following section, we derive the relation- 
ship for the preferential solvation in terms of the volume fraction. 

Mer-mer correlation structure factor and the preferential molecular solvation 

second concentration derivative of the free energy density3a), 
At zero scattering angle, the reciprocal of the static structure factor is equal to the 

Af is the free energy of mixing for a unit volume of mixtures. In terms of chemi- 
cal potential A,uA, the structure factor has the following form, 

This quantity is known as the mer-mer correlation structure factor for the unit 
volume of the mixture. It describes the mer agglomeration, i. e., 

S*(AB)(0) = ((A@)2) (8) 

when the higher order fluctuation terms are neglected24). It is related to the para- 
meter xSc by the following equations, 

where Afex/(kT) (= I $ ~ I $ ~ ~ ~ ~ ,  see below) denotes the excess free energy contribu- 
tion due to the enthalpy change of mixing and the entropy change of mixing for the 
non-random, with respect to random, distribution. xsc is known as the structural 
interaction parameter and can be obtained experimentally either from scattering 
experiments or by other thermodynamic experiments such as osmometry and sedi- 
mentation equilibrium3”* 12, 13) . It is determined by the Flory-Huggins interaction 
parameter, xAB, its first derivative and the second derivative with respect to compo- 
sition as discussed by Sanchez3a) (cf. footnotea)), 

a) It is worth noting that a zero difference in the interaction parameter of a probe with 
the pure individual polymers does not guarantee a zero difference in the interaction 
parameter with individual polymers in the mixture, due to the composition depen- 
dence of the interaction parameters. 
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- - 
In I G C ~ ~ ) ,  a mer-mer interaction parameter xiB = vSxAB = exr) is usually 

used; xr'(= V A ~ A B )  is the molecular Flory-Huggins interaction parameter. The 
equation xsc = xAn holds if the interaction parameter xAB does not depend on the 
composition. 

One may write 

for a binary polymer blend assuming no change of the relative size of the various 
components with the variation of the composition. Substituting this into Eqs. (3) and 
(4), one obtains Eqs. (12) and (13) as well as 

Assuming there is no change of the relative size of macromolecules with the var- 
iation of composition, one can obtain the following relationship, 

By expressing S(AB)(0)  with S*(AB)(0) and substituting into Eq. (3), one obtains 

Eq. (13) will be the starting equation for the following discussion. It can be used 
to discuss the effect of non-random partitioning on IGC data. The integration of Eq. 
(13) gives the free energy of transfer of the probes between different phases of dif- 
ferent compositions, which is also what infinite dilution IGC determines directly 
from the retention volume of probes". It explicitly shows the effect of the non-ran- 

or simply 

assuming no change of VF with the blend composition in IGC. V&) is the reduced 
specific retention volume (see ref.26)). 
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dom partitioning, i.e., [GYB(0) - GG(O)]. If the Flory-Huggins model is applied to 
Eq. (13), it will result in the traditional treatment using three interaction parameters 
of different  component^^^). 

Local composition and the preferential molecular solvation in a mixture of two 
polymers 

rounding a solvent molecule, S ,  at its infinite dilution bys3 17), 
The preferential solvation can be directly related to the local composition sur- 

tsA denotes the local mole fraction of A around S ;  vcv is the correlation volume 
of the polymeric components A and B around a probe molecule, S, in the mixture, 
beyond which the pair correlation functions of A and S, and B and S ,  approach unity. 
We take vcv to be the molar volume, since we are interested in a mole of the AB 
mixture. It is worth mentioning that the correlation is short-range, since we are 
working with the solutions in the very concentrated regime. We may rewrite Eq. 
(14) as 

assuming that the local volume fraction @; = &VA/V.  Substituting Eq. (15) into 
Eq. (13), one obtains 

The term (@AGG(O)[VB/VA] + @BGg(O))(V/VB) corresponds to the totd excess 
local volume in the bulk of the blend induced by the fluctuation caused by the inser- 
tion of solvent molecules (Eq. (14))8,17! It shows the effect of the difference in 
molecular sizes of different components on the preferential solvation in the mixture, 
i.e., the solution asymmetry effect. The total number of the mers does not change 
much with the variation of the composition (see Eq. (5))27). At zero preferential sol- 
vation the term (@AGG(O)[~B/VA] + @BqB(0)) (V/vB)  reduces to 
( ~ T K @  - v~‘”), which is small compared to a molar volume of the AB polymer 
mixture. By choosing systems in which the two components have the same macro- 
molecular lengths, i.e., symmetric mixtures, one obtains ( k T ~ y )  - v;) for this 
term. 

Non-random partitioning and inverse gas chromatography experiments 

Measurements are required to determine all of the elements in the chemical poten- 
tial matrix for a multi-component system (see e. g. Matteoli and Lepori2*)). For poly- 
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meric systems, this work will be tedious. The amount of work when using IGC can 
be significantly reduced by applying limiting conditions. However, rigorous model- 
ing has to be applied for the preferential solvation. It is traditionally accepted that 
the interaction parameter of the probe with one of the components in the polymeric 
mixture can be approximated by the interaction parameter of the probe with the 
component in its pure state. However, the concentration dependence of the interac- 
tion parameter may be strong enough so as not to be negligible. For binary systems 
of a probe, S, with a polymer, A, 

at infinite dilution of the probe concentration. If we approximate the cluster integrals 
in a ternary system with the corresponding terms of the individual binary solutions, 
we obtain the following formula 

which means a zero preferential solvation if the compressibility term and the differ- 
ence of the partial molar volume of the probe in different polymers are neglected. 
Therefore, the traditional approach from classical theory, in fact, is a random parti- 
tioning approach applied to non-random partitioning situations. An alternative way 
of approximating the preferential solvation is to use the cluster integrals of the direct 
correlation function7), which assumes that the composition fluctuation of the blend 
does not affect non-random partitioning of the probe. However, these approxima- 
tions are very rough so as to cause discrepancies in the empirical determination. 

Experimentally, we can choose a series of probes in infinite dilution IGC (IDIGC) 
so that tA - XA approaches zero and = 0. Then Eq. (3) reduces to the following 
equationc), 

where the script 0 stands for the zero preferential solvation. In IDIGC, the number 
of solvent probes can be quite easily increased. Different probes may probe the fluc- 
tuating bulk differently in terms of spatial distribution. Equations (3), (13), (16) and 
(19) may be reduced into simple forms according to solvent categories carefully 

') Q. (3) can be reduced to 

under the random partitioning conditions. This equation can lead to Eq. (19). How- 
ever, it will lead to an n-th order derivative if higher order fluctuations, due to the 
insertion of the probe molecules, dominate. 
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chosen for the experiment in conjunction with appropriate models. This may lessen 
the experimental effort required to obtain the mer-mer correlation structure factor. 
To obtain Eq. (3), one must assume that the internal partition (including rotational, 
vibrational, etc.) does not depend on the composition of the polymeric mixture2'). 
Therefore, small and simple molecules should be used for molecular probe techni- 
ques. 

A case investigation for IGC applying Eq. (19) 

In order to illustrate the procedure used to obtain polymer-polymer interaction 
parameters, we applied the formula developed in this paper to a set of experimental 
data obtained by DiPaola-Baranyi and Degre on polystyrene (A) and poly(buty1 
methacrylate) (B) blends29). 

If a large number of probes and a large number of samples of different composi- 
tion are used to perform IDIGC, the intersection of the plot of '[ ys ' rs vs. 

ys ' ys (which is proportional to the preferential solvation) at zero of 
a @ A  

ys ' ys I gives [S*(AB)(0)/q-'(see Eq. (19)), from which the mer-mer corre- 
W A  

lation structure factor, S*(AB) (0), can be calculated. 
However, even though there have been a large number of IGC experiments per- 

formed on compatible polymeric blends, these experiments were usually performed 
for only a few compositions of the  blend^'.^*^^). In the case of DiPaola-Baranyi and 
Degre's experiments, the number of the compositions and the choice of the solvent 
probes were not large enough for our purpose, which is to obtain the accurate value 
for the structure factor and the interaction parameter. Therefore, the data presented 
serve only to illustrate how to use the procedure we suggest in this work. The data 
regarding the density and average molar mass of the two polymers used here was 
obtained from literature3'). We describe below the determination procedure step by 
step. 

Using the logarithm of the specific retention volume, i.e., [InV&)]m, obtained 
from an IGC experiment on different compositions of the polymer blend with a 

I ( w )  (W ( w )  (A) 

a Q t  
w )  (MI (A )  

w )  ( w )  (A) 

a* ''[V&) /v;(A)lm 

a#; 
large number of probes, plots of the -ln[V&,/Vg(A,]a and - vs. 

aln[V' /P 1- d '"[T(M)'%4)Im at - g ( M )  g(A) can be established (see Fig. 1). The values of - 

- 
W A  a 4  a h [ @  /P 1" 
W A  

g ( M )  s(A) = 0 were used to calculate [S*("")(O)]-' (by Eq. (19), see Fig. 2)d). 

d, The method to determine xAB by using the plot of '* vs. '- at 
vs 

XS(A)-XS 6 )  - 0 - ( - applyingthe equation 
vs 

is the same approach a plied for an experiment performed for a single composition of 
the mixture (see refs.ls'b*k)). 
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Fig. 1. 

gradient, -[aln[~~,,/r$,,)/a@A]m. Data from ref.33’. A: w%(A) = 90%; B: w%(A) = 

w% (A) = 21 %; H: w% (A) = 7.5%. (w% (A) means weight percentage of polystyrene) 

Plots of the free energy of transfer, -[In[V~((M)/V~~A)]m, vs. effective potential 

69%; C: w%(A) = 49%; D: w%(A) = 37.5%; E: W% (A) = 32.5%; F: W% (A) = 28%; G: 

Fig. 2. The recipro- 
cal of the mer-mer 
structure factor in 

vs. the volume frac- 
tion of PS (A), @A 

mourn3, [s*(AB) (o)]-’, 
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The unit of (mourn3) is different, by a factor of lo", from the usual units of 
(mo!./cm3) used in the data reporting on neutron scattering  experiment^'^). was 
calculated by assuming volume additivity in the mixtures. The structural interaction 
parameter xsC was calculated from the structure factor applying Eq. (9) (see Fig. 3), 
which, in turn, can be used to calculate the interaction parameter, xAB, by integrating 
Eq. (11). To convert this value to the mer-mer interaction parameter, &, used in 
most IGC papers, a factor of v s  must be applied. 

especially for probes close to the random p a r t i t i ~ n i n g ' ~ ~ . ~ ~ ~ ~ ) .  Figs. 1, 2 and 3 show 
an abrupt change of the solution behavior between 0.2 and 0.5 of the volume frac- 
tion of polystyrene. The negative value of the structure factor in this concentration 
regime may be due to a microphase separation. 

( W )  ( W )  ( A )  
a In[(") ),y / w  

Fig. 1 shows a linear relationship between a ~ *  and 1 4  Ys / Y s  1 3  

1 

xsc, vs. the volume 
fraction of PS (A), @I* 

Conclusion 
Applying the concept of the cluster integrals, the non-random partitioning of sol- 

vent probes in a polymeric blend was examined. Eq. (19) gives the direct relation- 
ship between the structure factor of a blend, the non-random distribution of probes 
in the compatible blend, and the experimental quantity that can be obtained from 
IGC. With the direct link between the structure factor and the interaction parameter 
from Eqs. (9) and (1 1) the value of the different interaction parameters can be calcu- 
lated from experimental data through the structure factor of the blend. This theory 
offers an alternative way for experimentalists to study the microstructure of poly- 
meric mixtures with IGC. 
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