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ABSTRACT: Inverse gas chromatography (IGC) has
been widely used to determine the Flory-Huggins param-
eters, y, between solutes (probes) and polymers. This
study correlated the Flory-Huggins parameter data using
a multiparameter model, which included dispersion, po-
larity, acidity, and basicity components. The parameters of
poly(e-caprolactone) (PCL) and polyepichlorohydrin
(PECH) were calculated from IGC data using a series of
probes. The parameters of the polymers were used to eval-
uate mutual miscibility between PCL and PECH. The

results predicted miscibility in agreement with the conclu-
sion of an IGC study using blends of PCL and PECH. A
method to estimate the confidence interval of polymer pa-
rameters was proposed. The anomalous solubility parame-
ter of polymer mixtures previously reported was also
explained using this model. © 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 113: 40854091, 2009
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INTRODUCTION

The knowledge of the interaction parameters
between polymers and solvents is very important in
the study of their miscibility and thermodynamic
properties of solutions. Inverse gas chromatography
(IGC) has been demonstrated to be an effective tool
for measuring the thermodynamic properties of sol-
ute (probe) vapors in polymers.'™ In IGC measure-
ment, a known amount of nonvolatile stationary
phase is dissolved in a volatile solvent and coated
on a porous inert support. In the operation of IGC, a
carrier gas is passing through the column continu-
ously. When a liquid probe is injected into the col-
umn, the probe vaporizes and flows with the carrier
gas, and a characteristic specific retention volume
can be measured. Using Flory-Huggins theory,” the
Flory-Huggins interaction parameter between a
polymer and probe, %, can be related to the specific
retention volume of probes, Vg,, by the following
equation'™

273.16R0,
VoSV,

P

x = In( “RT

)—1 (Bi1 — V1) M

where R is the gas constant, T the column tempera-
ture, v, the specific volume of the stationary phase,
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and P9, V4, and By; are the vapor pressure, the lig-
uid molar volume, and the second viral coefficient
of the probe at column temperature, respectively.
When y < 0.5, the probe liquid is generally charac-
terized as a good solvent for the polymer, whereas y
> (0.5 indicates a poor solvent and may lead to phase
separation.” In the case of a polymer blend, the pa-
rameter y can still be defined and the miscibility
generally occurs when y < 0, because the high molar
volume of both components diminishes the combina-
torial entropy.

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 ¥1(3).
Applying the Flory-Huggins equation of polymer
solutions® to a ternary system with two polymers
and one probe, the interaction parameter y;»3 can
be related to the difference between pair interactions
of probe polymers, 1> and Y3, and polymer—poly-
mer 75516

X1(23) = PaXaa + D31z — Pabsas’ )

Here ¢ is the volume fraction of the two station-
ary phases and 23" = %23(V1/V2).

Equation (2) was frequently used to study the
interaction parameter between two stationary phases
using the IGC method. In examining literature data,
it was found that, in many miscible systems,'™**™
%23 values were probe dependent. The values of y3’
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were positive when 1, and ;3 were positive, and
decreased when yi, and y;3 decreased to negative.
Some negative yp; values were generally observed
for probes with low y1> and y33. This trend caused
the slope of the y1(23)/ V1 vs. ($¢2x12 + Paxas)/ Vi plot
to deviate slightly from unity.>” It has been pointed
out that y»3' contains V;, which is probe dependent.
What the literature referred to is the probe depend-
ency of yz3 or ya3/V> for a solvent mixture. The
comparison of yp3 or 23/ V> will be more appropri-
ate for studying probe dependency.®® The probe de-
pendency indicated that probing the binary mixtures
by a third component might not be a satisfactory
method.

MULTIPARAMETER SOLUTION MODELS

Ideally, one way to avoid the probe dependency of
polymer—polymer interaction parameters is to use a
binary solution model for the polymer—polymer sys-
tem to estimate miscibility. By using the same binary
solution model to probe—polymer system, the param-
eters of a polymer could be estimated using IGC
data from a series of probes in the polymer. The pa-
rameters of two polymers could then predict the
miscibility between the two polymers in the absence
of the probes. The conclusion of this approach
would be closer to probe independent. Many solu-
tion models could be used for this purpose.'®’" One
of the early solution models was the Hildebrand reg-
ular solution theory. Hildebrand proposed the term

“solubility parameter” and the symbol "3," which is
defined as'*"?
AEup. 12
= (——— 3
5= % ) 3)

where AE,,, is the energy of vaporization and V the
molar volume of the liquid. The ratio AE,,,/V is the
cohesive energy density; it represents the energy
required to separate the liquid molecules into the
ideal gas state. An unambiguous value of solubility
parameter can be determined if the material can be
vaporized. The heat of vaporization is usually calcu-
lated from the vapor pressure of the saturated liquid
by the Clausius—Clapeyron equation. For polymers
the method of DiPaola-Baranyi and Guillet'*'* was
commonly used to estimate the solubility parameter
using probes with a range of y values.

Using the Hildebrand—Scatchard equation, the in-
ternal energy change of mixing is related to the solu-
bility parameter of two components by the following
equation'?

AU = (xaV1 +x2V2) (81 — 82)° 1 4)

where V is the molar volume and ¢ the volume frac-
tion. If there is a specific interaction that produces
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negative heat of solution, the value of AU will be
lower than the prediction of eq. (4) and may be neg-
ative. In the regular solution, it was assumed that
the entropy of solution and excess volume of solu-
tion are zero. When a polymer system is considered,
the entropy term is determined from the Flory-Hug-
gins combinatorial formula, whereas the enthalpy of
solution is represented by the Flory-Huggins inter-
action parameter, y. The interaction parameter y can
be related to the solubility parameters of two com-
ponents by'3'*

%= (Vi/RT)(31 — &)° )

where §; and &, are the solubility parameters of the
solvent and polymer, respectively, and V; is the vol-
ume of the solvent. The above equation implies that
x is always positive. Without a specific interaction,
two polymers are generally immiscible. A negative
value of y can occur in systems with a specific inter-
action. One would need a multiparameter solution
model, which can include the specific interaction
between probe-polymer and polymer—polymer, to
obtain an expression for a negative y value. The ulti-
mate goal is to be able to estimate the polymer—poly-
mer interaction parameter using the parameters
obtained from the probe—polymer interactions of the
two polymers.

There are several types of intermolecular interac-
tions. The Hildebrand solubility parameter model
aggregates all interactions into one parameter. The
Hansen solubility parameter is a model that extends
the one-dimensional solubility parameter model into
three dimensions with dispersion, polar, and hydro-
gen bonding components.'”” Both Hildebrand and
Hansen models give a positive value for y. Several
studies'®" have shown that multidimensional solu-
bility parameter models overpredict y, and there
was a need to place a smaller weight on the polar
and hydrogen components. In searching the litera-
ture, it is noted that the model of Karger et al.*’ can
give a negative enthalpy of mixing. Their model con-
sidered the cohesive energy as the sum of disper-
sion, polar, and hydrogen bondings. The expression
for the cohesive energy density is

Evap/V:X2+rz+cr—|—aB (6)

where A is the dispersion component, t the polar
component, ¢ the polar-induced interaction, o the
acidity, and B the basicity component. The major dif-
ference between this model and the Hansen solubil-
ity parameter method is that the hydrogen bonding
has direction, i.e. an acceptor (acid) and a donor
(base). These parameters were derived from several
correlations but their total is related to the heat of
vaporization or cohesive energy density. Further-
more, for alcohols, the value of o and P were
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assumed to be the same. The expression for the ac-
tivity coefficient of a solute is*

Iny,® = (V1/RT)[(M — 22)* + (11 — 1)°
+ (01 — 02) (11 — T2) + (o1 — o2)(By — Bo)] (7)

where subscript 1 indicates the solute and 2 indi-
cates the solvent. The expression in the bracket rep-
resents the multiparameter form of y. The last two
terms make it possible to obtain a negative value for
x- When this happens, the system is having some
sort of specific interactions. Several modifications*'**
have been developed based on the model in eq. (7).
The polar-induced term is usually not included in
these modifications. The expression of Thomas and
Eckert” has the following form:

Iny,> = (V1/RT)[(M — %2)* + 20,2 (11 — 12)*/ Vs
+ (on — o) (By — Ba) /&) +di2 (8)

where subscript 1 indicates the solute and 2 indi-
cates the solvent. Parameters A, 1, o, and [ are
defined similar to eq. (7). The parameter d;, is the
combinatory part, which is calculated by the Flory—
Huggins method with a correction in molar volume.
The parameter g is a measure of the dipole-induced
dipole energy. The value of g is unity for a saturated
compound. Its value decreases when the amount of
unsaturated bonds increases. A value of 0.9 was
given for many aromatic compounds.

Equation (8) also included additional parameters
V; and &, to take into account the receptor difference
between two molecules. Note that the solubility pa-
rameter models and eq. (7) predict that y;/V; = y2/
V5, which was not followed in many alkane-alcohol
solutions. The purpose of using parameters | and ¢
was to overcome the failure of this symmetric rela-
tion. When a solvent has functional groups that can
form specific interactions, these functional groups
will interact with each other and show less interac-
tion with the solute molecules. The result is that the
solute feels the solvent is less polar or interactive.
Alcohol is one example where hydrogen bonding is
extensive. The mixtures of alcohols and alkanes have
been successfully described as a mixture of alkanes
and a polymer formed by alcohols connected by
hydrogen bonding.”> When an infinitely small
amount of alkane molecule is dissolved in alcohol,
the hydrogen bonding could be shielded away from
solute molecules. But when an infinitely small
amount of alcohol is dissolved in alkane solvents,
the hydrogen bonding of alcohol molecules is bro-
ken. The result is that the activity coefficients for
alcohols in alkanes are higher than alkanes in alco-
hols. Thomas and Eckert used parameters \ and & to
account for the asymmetry effect for a polar solvent.
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For a nonpolar solvent, they are unity, and for polar
solvent the values are higher.

In a more recent study, Eckert et al.** proposed
the following expression:

Iny,> = (Vi/RT)[(M — %2)* + (1 — 12)°
+ (02 — o1 eff) (Ba — Bregr)] +diz (9)

The effective parameters o ofr and Py ¢ are modified
from oy and B, respectively, to account for the
asymmetric effect of solutes. This again relates to the
fact that the functional groups of solvents can inter-
act with each other before interacting with the solute
molecules. This is more important for highly associ-
ated solvents, such as alcohols as mentioned above.
In the study of Eckert et al.,** the parameters of sol-
utes are established from spectroscopic method and
the values of o and B are no longer equal for
alcohols.

PARAMETERS OF PCL AND PECH

Tian and Munk®* reported an extensive measure-
ment of interaction parameters for several polymers
over a wide temperature range using more than 40
probes. In that study, the specific retention volumes
of the polymers were reported for temperatures
between 70 and 110°C and interaction parameters
were determined from the IGC method using eq. (1).
Among them, the combination of poly(e-caprolac-
tone) (PCL) and polyepichlorohydrin (PECH) was
particularly interesting because their mixture was
separately studied and concluded to be miscible.”> A
table of polarity, acidity, and basicity components
was available from Eckert et al.,”> which enabled the
use of eq. (9). The dispersion component was calcu-
lated by the correlation methods given by Thomas
and Eckert.*** The probes whose parameters are
available are listed in Table I. In this study, it is
assumed that the polymer stationary phase is not as
interactive as alcohols and that o o¢r and By ofr can be
treated as constants of the polymers for all the
probes used. From eq. (9), the interaction parameter
can be written as

ART/Vi= (M — 2)* + (11— 12)° + (o1 — 02)(By — Ba)
(10)

This equation is a simplified form of egs. (8) and (9)
for solvents that are not highly associated. For each
polymer, there are four parameters: A, Tp, o, and
B2. These parameters were determined by minimiza-
tion of the square of error in the prediction of ¥RT/
V1. The sum of error square is defined as

SS = Z[yRT/V; — (b — 22)? — (11 — 12)°
— (o — o) (B — Bp)I*  (11)
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TABLE 1 TABLE III
Parameters of Probes. Units = Cal “*/cm"® Covariances Between Parameters of Solutes
Solutes A T ol B A T o B

Heptane 7.81 0.072 0 0 A 1.00 —0.02 —0.25 —0.59
Octane 791 0.048 0 0 T —0.02 1.00 —0.30 0.34
Nonane 8.00 0.04 0 0 o —0.25 —0.30 1.00 0.35
Decane 8.07 0.032 0 0 B —0.59 0.34 0.35 1.00
Benzene 8.49 1.96 0 0.458
Toluene 8.45 1.59 0 0.425
Ethylbenzene 8.49 1.45 0 0401 chloroform in Table I, provides acidity, whereas the
Methylene chloride 8.20 2.75 2.77 0 ether group provides basicity.
Chloroform 8.43 2.04 2.861 0 . .

) Note that eq. (10) can be written with only y on
Carbon tetrachloride 8.58 1.12 0 0 _ . . /
Butyl chloride 7.96 1.47 0 0199  the left-hand side and V;/RT multiplying the right-
Chlorobenzene 8.71 1.93 0 0444  hand side. The results of the minimization gave pa-
Acetone 7.49 2.95 0.594 1.86 rameters very near that in Table II. In a regression
Methyl ethyl ketone 7.71 2.62 0.488 1695 study of data, it is possible that more than one objec-
Tetrahydrofuran 8.02 2.06 0 1.902 ive f . 1d b d. The b biective f
14 -Dioxane 8.08 3.01 0 1.749 tive function cou e used. The best o jective func-
Methy! acetate 750 313 0 1331  tion would be the one that has wide variation and
Ethyl acetate 7.64 2.58 0 1216  small correlation between the independent variables.
n-Butyl acetate 7.96 1.85 0 1.047  Huang" has noted the importance of using probes
Ethanol 7.51 0.435 5.882 1912 with a wide range of properties to lower the confi-
Propanol 779 0321 5216 1689 dence interval in the estimation of the solubility pa-
Butanol 793 0146 4716 1527 yP

where the summation runs through all the probes.
In the process the values of the parameters were
changed by 0.01 each time and the sum of square of
error was compared until the minimum was
reached. This is similar to the process of determina-
tion of multiparameter solubility parameter in previ-
ous papers.'®"” The parameters of PCL and PECH
are listed in Table IL. It can be seen that PECH has
slightly higher dispersion and polar component than
PCL. PCL has more basicity than acidity, while
PECH has more acidity than basicity. These opposite
properties provide interaction between the two poly-
mers and make them miscible. It is also noted that
PECH has some basicity in addition to acidity.
When a polymer contains several functional groups,
it is expected that the characteristics of each type of
functional group will be retained in the polymer.
For PCL, it contains only the ester group besides
methylene units. It can be seen that the ester group
provides only basicity but no acidity component as
compared with the ester probes in Table I For
PECH, it contains chlorinated hydrocarbon and
ether. The former, similar to methylene chloride and

TABLE II
Parameters of PECH and PCL at 90°C
Parameters PCL PECH
L (cal ®°/cm?) 9.1 9.5
7 (cal *%/cm™) 2.1 24
o (cal %3 /cm!®) 0 1.6
B (cal *°/cm!?) 1.2 0.4
Sk (cal/cm®) 13.1 21.4

Journal of Applied Polymer Science DOI 10.1002/app

rameters of polymers. In another study, Huang®®
also noted that parameters of many organic mole-
cules were not varied independently, which might
affect the conclusion about the dependency of solu-
tion properties on probe parameters. The covarian-
ces of the four parameters of solutes are shown in
Table III. It can be seen that the covariances between
parameters were low. The only pair with absolute
value higher than 0.5 was between 1 and B, which
was —0.59. All other pairs had correlations below
0.4.

For comparison, the plot of predicted values of y
vs. the values of Tian and Munk®* are shown in Fig-
ures 1 and 2 for PCL and PECH, respectively. It can
be seen that the correlation was good for most

15

Ethanol
A

10

Butanol

Predicted Value of yRT/V, (cal/mol)

_5 L L L
-5 0 5 10 15
1GC Value of xRT/V, (cal/mol)

Figure 1 Plot of calculated values of x RT/V; from IGC
vs. predicted values for PCL at 90°C. Solid line indicates
perfect prediction.
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Figure 2 Plot of calculated values of y RT/V; from IGC
vs. predicted values for PECH at 90°C. Solid line indicates
perfect prediction.

probes. Two probes had more deviation in Figures 1
and 2. They were ethanol and butanol. Alcohols
seemed to have a separate trend with a slope higher
than unity. Between each member of the alcohols,
the difference in predicted values was higher than
the experimental value. Similar results were also
observed in Figure 2. This suggested that there
might be some room for adjusting parameters for
alcohols in Table I. With parameters for the two pol-
ymers, the interaction parameters between the two
polymers can be estimated as

LasRT/V = (ha = M)* + (ta — W) + (9 — o) (B, — By)
(12)

This quantity alone can be used to estimate their
miscibility because the combinatory entropy for the
polymer mixture is small. Note that in eq. (12), the
value of y,,/V is taken as a single value because the
molar volume of the polymer is not known but the
ratio x.»/V is treated as a parameter. The value of
XabRT/V is the interaction energy per unit volume.
By using the parameters of the two polymers, the
value of y.,RT/V was calculated to be —1.0 cal/cm?,
which indicated that the two polymers should be
miscible. In this study and the study based on IGC
study using blends,”® PCL and PECH are concluded
to be miscible.

CONFIDENCE INTERVAL OF PARAMETERS

In previous studies, a method to examine the confi-
dence interval for parameters of a nonlinear multi-
parameter model was discussed.'®**?” The method
used a linearized expression for SS around the opti-
mum values of the parameters. In this study, this
method was applied to eq. (11). The joint confidence

region was made based on four parameters: Ay, Tp,
oy, and B,. By using a linearization method around
the optimum values of the four parameters, the ap-
proximate joint confident contour of eq. (12) can be
expressed as a quadratic form using the relative val-
ues of parameters to their optimum values as the
variables'®*72%;

XAXT = Z2AXX; = Sr F(N.N=p)  (13)

p
N-p
where X is a vector defined as the deviation of the
four parameters from the optimum parameter values
[Mo—220, To—T2,0, OM2—0po, Pa—Paol, A is a coefficient
matrix, Sk is the sum of error square calculated at
the optimum values of solubility parameter compo-
nents using eq. (11), F, is the F distribution with
confidence level o, p is the number of parameters,
and N is the number of samples. For this study, p =
4, N = 22, and the F, at 90% confidence level was
2.22. The components of the coefficient matrix A can
be determined from the partial differentiation of SS
with respect to the component of the vector X using
the following expression

Ajj = (1/2)9*(SS) / 0x;06x; (14)

The expressions of the diagonal elements of A are
given in the Appendix. Equation (13) is a canonical
form; it represents a hypoelliptic in four dimensions.
The value of confidence interval (CI) can be deter-
mined by a diagonalization process, which turns the
matrix A into a diagonalized matrix. This was dem-
onstrated in the one-dimensional case.”” When the
solubility parameters components of probes were
distributed on both sides of these polymers, the cross
terms A (i # j ) were small and the correlation
between parameters was low. The confidence inter-
val of each parameter could then be approximated as
the square root of the ratio between the right-hand
side of eq. (13) and the corresponding coefficients of
each Aj; term. The results are listed in Table IV. It
can be seen that the confidence intervals of o and
were wider than the dispersion and polar compo-
nents. The basicity parameter had a much wider CI
than basicity. This was because, in eq. (10), the acid
and base parameters were multiplied together. An
accurate determination of acid parameter required a

TABLE IV
90% Confidence Interval (CI) of Parameters of PECH and
PCL at 90°C
CI of Parameters PCL PECH
A (cal ®°/cm™®) 0.24 0.23
1 (cal ®%/ecm!®) 0.22 0.25
o (cal %%/cm!®) 0.64 0.81
B (cal ®°/cm!®) 0.25 0.35

Journal of Applied Polymer Science DOI 10.1002/app
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selection of base probes with wide range of basicity,
and vice verse for basic parameter. The alcohol
probes provided high acidity but their basicity was
similar to the strength of esters. The variance of f
was small compared with o. Finally, the difference
(oa—04,) and (B,—PBp) between PCL and PECH were
different from zero at a statistically significant level,
and provided a negative value of —0.64 cal/cm? for
(ota—0,)(Ba—PBp)- This indicated the acid—base interac-
tion in eq. (10) provides a source of miscibility.

EXPLANATION OF ANOMALOUS SOLUBILITY
PARAMETER OF POLYMER MIXTURES

In recent articles,”" it was shown that using the

method of DiPaola-Baranyi and Guillet, the solubil-
ity parameters of polymer miscible mixtures were
lower than the prediction of the regular solution
model. If there were a specific interaction that pro-
duced negative enthalpy of solution, the solubility
parameter of the mixture would be higher than the
volume average to account for the separation of the
additional specific interaction of the mixtures in the
vaporization process. However, the solubility param-
eters calculated using IGC data of blends turned out
to be lower than the volume average. This led to a
conclusion that when specific interactions occur
between two polymers the probes have less proba-
bility to contact the functional groups of the poly-
mers, leading to a lower apparent solubility
parameter for the polymer mixture in IGC measure-
ment. The solubility parameter of the mixtures
measured by the IGC method also reflects the
change in the interaction between the probe and the
polymer mixtures. It can no longer be related only
to the cohesive energy density by eq. (3). The
increase of solubility parameter of blends can be
demonstrated using the multiparameter model for
PCL and PECH. The true cohesive energy density of
a polymer mixture still contains four components:
dispersion, polarity, acidity, and basicity compo-
nents. A first approximation is that they can be
added up by the volume fraction. From these mix-
ture properties, the cohesive energy density was esti-
mated using the following expression

AE vap

2 _
8—(V

) = 7¥m2 + Tmz + o(mﬁm (15)

The plot of § vs. the volume fraction of PCL for
PCL-PECH mixtures is shown in Figure 3. It can be
seen that the calculated solubility parameter now has
a positive deviation from the linear rule. This plot
showed the variation of solubility parameter of poly-
mer mixtures based on the cohesive energy calcula-
tion. It was different from the IGC measurement of
the polymer mixture, which has negative deviation.”
From the above comparison, it could be concluded

Journal of Applied Polymer Science DOI 10.1002/app
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9.9

Solubility Parameter (cal®*/cm™®)

9.3 1 1 2

0 0.25 0.5 0.75 1
Volume Fraction of PECH

Figure 3 Plot of calculated values of solubility parameter
of PCL-PECH system vs. volume fraction at 90°C. The lin-
ear line is the volume average.

that the interaction between acidity and basicity of
the two polymers not only brings the polymer into a
miscible system, but also creates a negative deviation
in polymer solubility parameter and probe-depend-
ent interaction parameter in an IGC study.

CONCLUSIONS

The interaction between probes and a polymer is
usually represented by the values of the Flory-Hug-
gins interaction parameters, y, and analyzed through
the solubility parameters of the polymer and probes.
This study correlated the Flory-Huggins parameter
using a multiparameter model, which included dis-
persion, polarity, acidity, and basicity components.
The parameters of PCL and PECH were obtained
from IGC data using a series of probes. The parame-
ters of the polymers were then used to evaluate mis-
cibility. The results predicted them to be miscible in
agreement with other evidences. The anomalous sol-
ubility parameter of polymer mixtures measured by
IGC method could be explained through this model.

APPENDIX: DIAGONAL ELEMENTS OF
COEFFICIENT MATRIX A
App =43 (0 — K,)
Ay = 43(1) — o)
Azs = X(By — Bao)’
Ass = (o — o)’
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