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ABSTRACT: Inverse gas chromatography (IGC) has been
widely used to determine the Flory-Huggins parameter, v,
between two polymers using a series of solutes as probes.
Many studies showed that interaction parameters were probe
dependent. In recent studies, it was proposed that the differ-
ence in interaction energy between functional groups of sol-
utes and solvent mixtures could lead to an apparent solvent
solubility parameter different from the volume average of the
components. An equation was derived to relate the probe de-
pendency to the deviation of the solubility parameter. By
plotting /2/3RT(v23/V2) vs. the solubility parameter of sol-
utes, a straight line could be obtained with a slope propor-
tional to the deviation of the solvent solubility parameter.

The plot was shown to yield negative slopes for miscible
polymer blends. When there was an unfavorable interaction
between two solvents, an opposite situation would be
observed. In this study, the method was tested in two copoly-
mer systems, and the copolymers were considered as mix-
tures of two homopolymers. The plots showed straight lines
with positive slopes when v23 was positive. The technique
was shown to apply to copolymer systems also. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 119: 719–725, 2011
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INTRODUCTION

The knowledge of the interaction parameters between
two polymers is very important in the study of their
miscibility and thermodynamic properties of solu-
tions. Inverse gas chromatography (IGC) has been
demonstrated to be an effective tool for measuring the
thermodynamic properties of solute (probe) vapors in
polymers.1–4 In IGC measurement, a known amount
of nonvolatile stationary phase is dissolved in a vola-
tile solvent and coated on a porous inert support. In
the operation of IGC, a carrier gas is passing through
the column continuously. When a volatile probe liq-
uid is injected into the column, the liquid vaporizes
and flows with the carrier gas. Using Flory-Huggins
theory,5 the Flory-Huggins interaction parameter
between a polymer and a probe, v, can be related to
the specific retention volume of the probe, VT

g , by the
following equation1–4:

v ¼ ln
RTv2

VT
g P

0
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RT
ðB11 � V1Þ (1)

where R is the gas constant, T is the column temper-
ature, v2 is the specific volume of the stationary

phase, and Po
1, V1, and B11 are the vapor pressure,

the liquid molar volume, and the second virial coef-
ficient of the probe, respectively. When a polymer
blend is used in an IGC study, the corresponding
specific retention volume and density data of blends
can be used in eq. (1). The interaction parameter
obtained is called v1(23). Applying the Flory-Huggins
equation of polymer solutions5 to a ternary system
with two polymers and one probe, v1(23) can be
related to the pair interactions of probe-polymers,
v12 and v13, and polymer-polymer, v23

3,4:

v1ð23Þ ¼ /2v12 þ /3v13 � /2/3v23ðV1=V2Þ (2)

Here / is the volume fraction of the two stationary
phases. As molar volumes of polymeric solvents may
not be accurately known, it is a practice in IGC study
to define a probe normalized interaction parameter,
v023 ¼ v23(V1/V2). Equation (2) then becomes3,4:

v1ð23Þ ¼ /2v12 þ /3v13 � /2/3v
0
23 (3)

The advantage of this parameter is that, it can be
calculated through the specific retention volume by
the following formula without calculating the indi-
vidual interaction parameters6:
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or

ln Km ¼ /2 lnK2 þ /3 ln K3 þ /2/3v
0
23 (5)

Here v is the specific volume and w is the weight
fraction of a solvent. The dimensionless K (¼VT

g/v) is
the partition coefficient of a solute in a solvent or sol-
vent mixture. Equation (4) has frequently been used
to study the interaction of two stationary phases using
the IGC method. But many studies have shown that
the value of v023 depends on the probe used.6–11 In
examining literature data, it was found that in many
systems, when probe dependency occurred, the values
of v023 were positive when v12 and v13 were positive,
and decreased toward negative when v12 and v13
decreased. In most systems that were miscible, some
negative v023 values were generally observed for
probes with low values of v12 and v13. It has been
pointed out that v023 contains V1, which is probe de-
pendent. What the literature referred to is the probe
dependency of v23, or v23/V2 for a polymer system.
The comparison of v23 or v23/V2 would be more
appropriate for studying probe dependency.12–14

APPARENT SOLUBILITY PARAMETERS OF
SOLVENT MIXTURES

Because of the probe dependency in the IGC method,
it was proposed to study the variation of solubility
parameter of the mixture as a means to measure the
interaction between two polymers.15,16 If the heats of
vaporization of a mixture and its components are
known, the heat of mixing can be calculated. The sol-
ubility parameter, d, of a liquid is defined as17:

d ¼ DEvap

V

� �1=2

(6)

where DEvap is the energy of vaporization and V is
the molar volume of the liquid. The ratio DEvap/V is
the cohesive energy density; it represents the energy
required to separate the liquid molecules into the
ideal gas state. Experimental values of v have been
used to estimate the solubility parameters of poly-
mers using the method of DiPaola-Baranyi and Guil-
let.18,19 In their studies, the Flory-Huggins parameter
between a solute and a polymer was assumed to
have the following expression:

v ¼ ðV1=RTÞðd1 � d2Þ2 þ vS (7)

Here vS is the entropy term. Equation (7) can be
changed into the following linear expression18,19:

d21
RT

� v
V1

� �
¼ 2d2

RT

� �
d1 � d22

RT
þ g

� �
(8)

where g is the average value of vS/V1. From a linear
regression method d2 can be determined. When a
mixture is used as the stationary phase, the solubil-
ity parameter of the mixture, dm, can be compared
with the prediction of the regular solution method,
which predicts dm to be the volume average of the
two components17:

dm ¼ /2d2 þ /3d3 (9)

If there were a specific interaction between two
solvents that produced negative enthalpy of solu-
tion, the value of dm would be higher than the pre-
diction of eq. (9), to account for the separation of the
additional specific interaction between the mixtures
and pure components in the vaporization process. A
comparison of the solubility parameters of polymer
mixtures would be a good indicator to predict their
miscibility. In the previous study,15 this argument
was tested using the data of the poly(e-caprolactone)
(PCL)/poly(epichlorohydrin) (PECH) system at
80�C. It was found that the solubility parameter of
the mixture was lower than the prediction of eq. (9).
This was opposite to the above argument, even
though there were some specific interactions
between PCL and PECH and the system was misci-
ble. When a deviation from eq. (9) occurs, the devia-
tion of the solubility parameter of the mixture, D,
can be defined as:

dm ¼ /2d2 þ /3dn3 � D (10)

Here D is the deviation of the solubility parameter
of the polymer mixture. A mechanism was then pro-
posed to explain this observation.15 When two sol-
vents with specific interactions are brought together,
some functional groups interact with each other and
are less available to interact with the probes. Com-
pared with the average values based on the nominal
composition, the probes will have less specific inter-
action with the mixture. Therefore, polar probes
show a decrease in retention volume compared with
the average value of the components, and for n-
alkane probes the decrease may be smaller. This dif-
ference between probes is exhibited as the probe de-
pendency. The solubility parameters of solvent mix-
tures measured by the IGC method also decrease to
reflect the change in the interaction between the
probe and the solvent mixtures. It cannot be related
solely to the cohesive energy density of the solvent
mixtures. But the extent of such solubility parameter
change, as measured by the parameter D, could be
an indicator of the interaction between the two
solvents.
Based on the above arguments a method was pro-

posed to estimate v23/V2 and test the miscibility of
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the two polymer components.15 From eqs. (3), (7),
and (10) the following equation was obtained in the
previous study15:

/2/3RTðv23=V2Þ ¼ /2/3ðd2 � d3Þ2 � 2Dðd1 � dm; rÞ
� D2 þ RTð/2vs;2 þ /3vs;3 � vs;mÞ=V1 ð11Þ

The left-hand side can be plotted vs. the solubility
parameter of the probe, d1. In the plot, a linear trend
with a negative slope was predicted for miscible
blends. The slope was proportional to the deviation
parameter, D, which could be used as a measurement
of miscibility. In another study,16 this approach was
also verified in plasticized poly(vinyl chloride) (PVC)
and a copolymer, and in poly(vinylidene fluoride)
(PVDF) - poly(ethyl methacrylate) (PEMA) blends.

EVALUATION OF X23 OF POLYETHYLENE AND
POLY(VINYL ACETATE)

When two components are thermodynamically
unfavorable in miscibility their interaction parame-
ters will be positive. For polymer mixtures, a small
positive v23 could lead to an immiscible system. The
IGC technique and eq. (4) could not be used in im-
miscible systems, because the equation was derived
based on the assumption of miscible mixtures. How-
ever, two different monomers can be brought to-
gether into a one-component system by copolymer-
ization. If the two monomers are randomly
polymerized together a copolymer with properties
intermediate between the two homopolymers could
result. The interaction parameters between solutes
and the copolymers should also follow a trend inter-
mediate between the two homopolymers.

In a random copolymer, two types of monomers
are joined together near the segmental level. They
can be treated as a solution of these two types of
monomers. The concept was first proposed in the
ASOG (analytical solution of groups) model.20 In the
model, a molecule or a solution is treated as a mix-
ture of groups irrespective of whether these groups
are connected in the same or different molecules.
For example, a solution of hexane and acetone is
considered as a mixture of methyl, methylene, and
ketone groups. Methyl groups in acetone are consid-
ered to have the same properties as those in n-hex-
ane. The solution properties are determined from
the difference of the properties of the mixture and
pure components. This is a good approximation
when groups are free to contact each other. Based
this approach, a random copolymer can be treated
as a mixture of two homopolymers, and the interac-
tion parameters between these two homopolymers

can be estimated from the results of homopolymers
and copolymers by the IGC method.
More recently a similar concept was used in a

study by Du and coworkers.21 In that study dotria-
contane, poly(vinyl acetate) (PVAc), and two poly(-
ethylene-co-vinyl acetate) (EVA) were used. Dotria-
contane was used to represent polyethylene. The
segmental interaction parameters between ethylene
and vinyl acetate were reported for the two EVAs. A
probe dependency was also observed but the com-
position dependency was small. The results might
well be analyzed by eqs. (5) and (11), which will be
shown later. Values of v1(23) for each composition
from the study of Du and coworkers. were reported
for 120�C. Figure 1 shows the plot of Flory-Huggins
interaction parameters of solutes in dotriacontane
and EVAs vs. PVAc. This is similar to the plot of log
Vg for different stationary phases.22–24 This is a con-
venient method for comparing and scanning interac-
tion between solutes and solvents, particularly in the
presence of a specific interaction and when the sol-
vent molecular weights or the vapor pressure of sol-
utes are unknown. The use of the plot of v requires
the knowledge of vapor pressure, but it has a benefit
that the effect of vapor pressure, which is affected
by the solute liquid state interaction, is removed.
In Figure 1 it can be seen that the plot between

dotriacontane and PVAc was near an inverse trend.
Nonpolar solutes such as octane had low v in dotria-
contane but high v in PVAc. They were located at
the right hand side of plot. Strong polar solutes such
as dioxane had high v in dotriacontane but low v in
PVAc. They were located at the left-hand side of the
plot. With an increase in vinyl acetate content non-
polar solutes gradually had an increase in v while
polar solutes had a decrease in v. Such systematic
variation indicating this copolymer system might be

Figure 1 The plot of v for solutes in dotriacontane (C32)
and copolymers vs. v of solutes in PVAc at 120�C. EVA1:
48.5 wt % VAc; EVA2: 15.4 wt % VAc.
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correlated by a single parameter using a nonpolar-
polar scale, such as the Hildebrand solubility
parameter.

In the mixture of hydrocarbons and EVA the
value of v23 is expected to be positive, because the
hydrocarbon is nonpolar and EVA is polar. In addi-
tion, there may be some self association of acetate
groups in EVA. This association shielded some ace-
tate functional groups from interaction with probes.
In the mixture of n-alkanes and EVA some of these
acetate groups dissociated and were available to
interact with solutes. The result of this dilution pro-
cess was that solute molecules would feel that the
mixture had more polar interaction than the volume
average estimation based on pure components. This
apparently more polar interaction of solvent mix-
tures, as probed by solutes, was opposite to the sit-
uation of miscible blends when a specific interaction
was formed between two solvents, and would lead
to a negative D. Therefore, when the interaction pa-
rameter v23 was positive, there was a tendency that
the slope of eq. (11) would be positive too, and v23
would increase when solutes became more polar.

From v1(23) results reported by Du and coworkers
solubility parameters of the polymers were calcu-
lated using eq. (8) and plotted in Figure 2. It can be
seen that, solubility parameter of the copolymers
had a positive deviation from volume average. This
indicated a higher apparent solubility parameter in
the copolymer, and the possibility of self-interaction
of polar acetate groups. In Figure 2, a straight line
was also drawn to show the volume averaging rule
for solubility parameters of mixtures. From the
apparent solubility parameter, one can make an esti-
mation of the effective polarity of the mixture. For
example, in a copolymer of 50 vol % VAc the solubil-
ity parameter of the copolymer was 8.06 cal0.5/cm1.5

rather than 7.77 estimated from volume averaging.

A value of 8.06 corresponded to an effective composi-
tion of 57.8 vol % in the volume average. Therefore, in
50 vol % VAc, an equivalent of 7.8 vol % of VAc
groups might have been dissociated from each
other and the solute would feel the mixture to have
57.8 vol % VAc content.
The plot of eq. (11) was made in Figure 3 for two

EVA copolymers. It can be seen that, a good linear
trend with positive slope was obtained for each co-
polymer. This indicated that mixing of polyethylene
and EVA was unfavorable and would lead to immis-
cible systems. If both monomers exist as a block or
graft copolymer, a multiphase structure could also
result. But random copolymerization forced the two
monomers to join together and create a solution that
exhibited unfavorable thermodynamic properties.
The similarity between the EVA system and previ-
ous studies on miscible systems15,16 showed that so-
lution thermodynamic properties of the copolymers
could be treated as a solution of two homopolymers
and the probe dependency of v23 can also be demon-
strated in the IGC study of copolymers.

EVALUATION OF X23 OF
PHENYLMETHYL SILOXANES

Another copolymer available for this study is the
IGC data of phenyl substituted poly(dimethylsilox-
ane) (PDMS). These compounds had a range of phe-
nyl content. They are common stationary phases for
gas chromatographic study because of their thermal
stability and low-vapor pressure over a wide tem-
perature range. Different phenyl contents impart
chromatographic selectivity for solutes. This series of
copolymers can be considered as a copolymer of
PDMS and the hypothetical poly(diphenylsilioxane)
(PDPS). In this study, the results of Parcher et al.25

were used for further testing of eq. (5). In the study

Figure 2 The plot of solubility parameter of EVA copoly-
mers vs. the volume fraction of EVA at 120�C. Upper line
is the second order polynomial fit. Lower line is the vol-
ume average.

Figure 3 The plot of /2/3RTv23/V2 vs. the solubility pa-
rameter of probes at 120�C for EVA copolymers. Symbols:
O: EVA-1 with 48.5 wt % VAc; D: EVA-2 with 15.4 wt %
VAc.
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of Parcher et al., 10 solutes with different polarity
were used for 8 polymers with phenyl content rang-
ing from zero to 75 mole percent. Retention volumes
were reported for 66, 100, and 150�C. Densities of
the copolymers were also reported for 25�C by
Parcher et al.25 The density of polymers at high tem-
perature was estimated with a thermal expansion
coefficient of 0.0009 K�1.26

Figure 4 showed the plot of ln Km for heptane,
benzene, and acetone vs. the volume fraction of
PDPS at 100�C. The volume fractions of PDPS were
calculated based on the mole fraction of phenyl sub-
stitution and van der Waals volume from the table
of Bondi.27 It can be seen that the results could be
correlated by a second order polynomial using the
volume fraction of PDPS as the variable. The convex
curve in Figure 4 gave a positive value for v23. The
values of ln K in PDMS and the hypothetical PDPS,
and v23 are shown in Table I for each solute in
100�C. It can be seen that n-alkanes had higher K
values in PDMS than in PDPS. For other solutes the

reverse was true. That was because other solutes
were aromatic or polar and better interacted with
the phenyl groups in PDPS. Also shown in Table I is
the relative error in fitting eq. (5). N-Pentane and
ethanol had the highest error. This might be because
they had the lowest specific retention volume and ln
K, which magnified the relative error in experimen-
tal measurement. Ethanol may also have the effect of
surface adsorption, which is discussed later.
Figure 5 shows the plot of solubility parameters of

copolymers vs. the volume fraction of PDPS. It can
be seen that the solubility parameters also showed a
positive deviation similar to Figure 2. The results
could also be represented as a second order polyno-
mial. A good fit in second order polynomial for sol-
ubility parameter indicated that the deviation pa-
rameter was proportional to /1/2, and there was no
need to assume a concentration dependenct v23. The
magnitude of the solubility parameter deviation was
smaller than that in Figure 2. This was because both
PDMS and PDPS were nonpolar and dominated by
dispersion type interaction, which had a difference
of solubility parameters of about 1 cal0.5/cm1.5, as
can be seen in Figure 5. But for EVA, the solubility
parameters of homopolymers differed markedly in
polarity, by about 3 cal0.5/cm1.5, as can be seen from
Figure 2.
The plot of eq. (11) for 100�C using v23 from Table

I and a value of /2 ¼ 0.5 is shown in Figure 6. The
results at other temperatures had similar trends and
were not shown. It can be seen that data could be
correlated by a straight line with a positive slope.
Ethanol showed a deviation from the trend of other
solutes. It might happen because ethanol had surface
adsorption on nonpolar solvents.28 When different
loading was used for different copolymers in chro-
matographic packings the variation of surface-to-vol-
ume ratio might cause a change in the specific

Figure 4 The plot of ln Km vs. the volume fraction of
PDPS for n-heptane, acetone, and benzene, in PDMS-PDPS
system at 100�C. Solid lines are correlation based on eq.
(5).

TABLE I
The Values of ln K for PDPS (Component 2) and
PDMS (Component 3), v23, and % Error in Fitting

eq. (5) at 100�C

ln K
(PDPS)

ln K
(PDMS) v23 % Fit

n-Pentane 1.25 2.18 0.75 1.68
n-Hexane 1.93 2.89 0.81 1.42
n-Heptane 2.57 3.53 1.02 1.15
n-Octane 3.20 4.19 1.18 1.15
Ethanol 1.80 1.59 0.39 1.94
Acetone 2.25 1.88 0.72 1.15
Acetonitrile 2.72 1.80 0.94 0.77
Nitromethane 3.28 2.37 0.99 0.83
Methyl ethyl ketone 2.99 2.67 0.77 0.81
Benzene 3.50 3.25 0.52 0.50

Figure 5 The plot of solubility parameter of PDMS-PDPS
copolymer vs. the volume fraction of PDPS at 100�C.
Upper line is the second order polynomial fit. Lower line
is the volume average.
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retention volume and K of ethanol. Ethanol was not
used in the determination of the slope in Figure 6.
The values of D were determined to be �0.406
cal0.5/cm1.5 for 100�C. The corresponding estimation
using the curve in Figure 5 gave �0.497 cal0.5/cm1.5.
The difference might occur because in Figure 5,
when eq. (8) was used, each solubility parameter
was determined from different solutes in a particular
copolymer, whereas in Figure 6, the value of v23 for
each solute was determined from the same solute in
different copolymers. It is also possible that selection
of solute samples might affect the results of slope,
especially when strong polar solutes were used,
because their interaction with solvents might deviate
from the Hildebrand solubility parameter model.
The true value might be between these two num-
bers, and they were both negative. Therefore, both
figures indicated positive deviation of volume aver-
age of solubility parameters and a thermodynami-
cally unfavorable system between PDMS and PDPS.

RELATION BETWEEN X23 AND X OF PURE
COMPONENTS

The probe dependency made it difficult to evaluate
the true value of v23. An additional analysis method
is suggested here by examining the physical mean-
ing of eq. (4). In the equation, v1(23) represents the
specific free energy of a solute in the solvent mixture
and (/2v12 þ /3v13) represents the volume average
free energy of the solute in the components. The lat-
ter quantity also represents the free energy of solu-
tion when no specific interaction occurs between
two components in the stationary phase. The quan-
tity /2/3v23/V2 then represents the free energy of
transfer for a solute to move from the interacted sol-
vents mixture to the linear combination of the pure
components. It also represents the difference a solute
molecule would experience in the polymer mixtures,

when the interaction between the two polymers is
‘‘charging up’’ from the ideal solution state. For po-
lar-nonpolar solvent mixtures, this difference is
likely a function of the difference of the interaction
parameters of the solute between the two solvents,
v12 � v13. This phenomenon was called the Dv effect
in an earlier study.9 Although it was proposed for
the study of miscible mixtures, it is also applicable
to an unfavorable, but miscible, mixture. The best
solute that can be used to evaluate v23 would be the
one that has small or zero Dv. This conclusion is
similar to miscible systems.
Figure 7 shows the plot of v23/V2 vs. Dv/V1 of

solutes in the two systems studied here. The more
polar homopolymers were assigned as component 2.
The plot was made on v23/V2 vs. (v12 � v13)/V1

because the system was polymeric, making v23 diffi-
cult to define. It can be seen that, there was a small
dependence of v23/V2 on Dv/V1. This, of course,
was another way to demonstrate the probe depend-
ency. Polar solutes and n-alkanes gave different
signs for Dv. Polar solutes had negative Dv/V1 but
higher values of v23/V2. A higher value of v23/V2

happened because polar solutes could compete with
polar functional groups of solvents even though
they were associated. The interaction of polar solutes
gave more negative enthalpy of solution than non-
polar solutes, and more positive entropy of solution
because of a decrease of self association order of sol-
vent in the solution, and therefore gave lower v1(23)
and higher v23 through eq. (2). The ability of a polar
solute to interact with solvents can also be measured
by the value of Dv/V1 of the solute. A more polar
solute had a smaller v value in the polar homopoly-
mer, component 2, and led to a more negative Dv/
V1. Thus, v23/V2 and Dv/V1 depended on the same
mechanism and will have a mathematical relation-
ship. For the EVA system the dependency was gen-
tle and a linear regression could be used. From the

Figure 6 The plot of /2/3RTv23/V2 vs. the solubility pa-
rameter of solutes for PDMS-PDPS copolymers at 100�C
and /1 ¼ 0.5. The open symbol is ethanol.

Figure 7 The plot of v23/V2 vs. Dv/V1 of solutes for EVA
copolymers at 120�C and PDMS-PDPS at 100�C. Open
symbols are acetonitrile and nitromethane in PDMS-PDPS.
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plots the best values of v23/V2 were 0.011 mol/cm3

for EVA system at Dv/V1 ¼ 0.
For the PDMS-PDPS system polar acetonitrile and

nitromethane were also located at the left-hand side
but showed a deviation from the linear trend. This
deviation might be a result of specific interaction
between solutes and one of the components. Despite
the deviation of two polar solutes, they still showed
positive deviations for v23/V2 indicating an unfavor-
able PDMS-PDPS system. Using other solutes the
value of v23/V2 was determined to be 0.0090, 0.0066,
and 0.0051 mol/cm3 for 66, 100, and 150�C, respec-
tively. The rate of decreasing was higher than ther-
mal expansion of polymers. The decrease was
mostly the result of decreasing v23. When tempera-
ture increased thermal energy overcame the mutual
interaction between functional groups and made v23
smaller. For systems with negative v23 a decrease in
the magnitude of v23 might also be observed if data
over a wide temperature range were available.

On a volume basis, the EVA copolymers had
about twice the v23/V2 compared with the PDMS-
PDPS system. This may have been because in the
latter system the homopolymer pairs were structur-
ally similar as pointed out earlier. The result of this
study, again demonstrated the mechanism of probe
dependency, and that the best probes for IGC study
to estimate v23 would be those with small Dv and
without a specific interaction to the components. A
series of solutes with a range of Dv near zero could
also help to determine the value of v23/V2 more
accurately for polar-nonpolar copolymer systems.

CONCLUSIONS

A mechanism previously proposed for the probe de-
pendency of polymer-polymer interactions was tested
using two copolymers. Each copolymer was consid-
ered as a mixture of two homopolymers. The plot of
/2/3RT(v23/V2) vs. d1 gave positive slopes for mix-
tures. The signs of the slopes were in agreement with
the sign of v23. The results again affirmed the mecha-
nism of probe dependency and demonstrated that the
plot of eq. (11) could also be used for a thermody-
namically unfavorable system. Using a series of sol-
utes, the plot of v23/V2 vs. Dv/V1 at Dv/V1 ¼ 0 gave
a better estimation on the value of v23/V2.

The author would like to express his special thanks to Dr. R.
D. Deanin of the Plastics Engineering Department at the Uni-
versity of Massachusetts Lowell for his invaluable help and
useful discussion.
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