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ABSTRACT: Trace amount of methyl acetate, ethyl acetate,
tert-butyl acetate, pentane, hexane, and heptane were passed
through the chromatographic column loaded with poly(me-
thylhydrosiloxane-co-dimethylsiloxane) coated on Chromo-
sorb W. The retention diagrams of the solvents on the copoly-
mer were plotted by means of specific retention volumes at
temperatures between 40 and 808C by inverse gas chromato-
graphy technique. In this study, some thermodynamic interac-
tion parameters such as Flory–Huggins polymer–solvent inter-
action parameter, equation-of-state polymer–solvent interac-
tion parameter, effective exchange energy parameter, and
weight fraction activity coefficients at infinite dilution of the

solvent were determined. Then, the exchange enthalpy para-
meter and entropy parameter were determined by using a
relation for the enthalpy interaction parameter of the equation-
of-state theory, which is arranged for the inverse gas chroma-
tography conditions. Later, the partial molar heat of sorption
and the partial molar heat of mixing were obtained. The solu-
bility parameter of this copolymer was determined as 6.64
(cal/cm3)1/2 at room temperature. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 104: 1627–1631, 2007
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INTRODUCTION

Siloxane polymers are also well known because of their
highly flexible backbone. One of the important features
of siloxane polymers is their unusually high gas per-
meability. Poly(dimethylsiloxane) and other silicon
polymer were used as gas separation membranes.1,2

The hydrosilylation of vinyl functional siloxanes by
hydride functional siloxanes is the based of addition
cure chemistry. The most widely used materials for
these applications are methylhydrosiloxane–dimethyl-
siloxane copolymers, which have more readily con-
trolled reactivity than do the homopolymers and result
in tougher polymers. Solubility behavior and thermo-
dynamic interactions of methylhydrosiloxane–dime-
thylsiloxane copolymers with solvents are important to
use them but there are not any data about the solvent
resistance in the literature.

Inverse gas chromatography (IGC) method, which
is simple, fast, and economical has been used exten-
sively to study the structure of polymers, to predict
the thermodynamic properties and the interactions of
many polymer–solvent mixtures and the solubility
of solvents in polymers. Knowledge of the solubility
of solvents in polymers is essential for many high-

molecular-weight compound technologies. Advant-
age of the IGC technique is the possibility of work-
ing with both solvent and nonsolvent of the polymer
under the same experimental conditions. IGC data
may be collected quite rapidly over extended tem-
perature ranges.3–5

In this study, the retention diagrams of some sol-
vents on the poly(methylhydrosiloxane-co-dimethylsi-
loxane) (HMS-013) were obtained by IGC. Then, some
thermodynamic parameters in the Flory–Huggins
theory and equation-of-state theory and solubility pa-
rameter of the copolymer were determined in the
range of 40–808C. The exchange enthalpy parameters,
X12, and entropy parameters, Q12, in the equation-of-
state theory are assumed to be independent of tem-
perature and composition of the mixture, but this sit-
uation is not confirmed yet. For the first time, we
have determined exchange enthalpy and entropy pa-
rameters of poly(dimethylsiloxane) and poly(methyl-
methacrylate) with some solvents directly from IGC
measurements earlier.6–10 X12 and Q12 parameters of
these polymer–solvent systems were comparable with
those determined earlier by other techniques at lower
polymer concentrations. There are not any other data
in the literature related to the determination of X12

and Q12 parameters of methylhydrosiloxane–dime-
thylsiloxane copolymers. In this study, we determined
X12 and Q12 parameters by IGC measurements and
we also investigated the dependence of X12 and Q12

parameters on temperature for HMS-013.
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Theoretical background

The specific retention volume, V0
g, is determined experi-

mentally from IGCmeasurements as follows.11–16

V0
g ¼ QðtR � tAÞ J 273:2

ðTrwÞ (1)

where Q is carrier gas flow rate measured at the room
temperature Tr; tR and tA are retention times of the sol-
vent and air, respectively; J is pressure correction fac-
tor, andw is weight of polymer in the column.

According to the theories of Flory–Huggins and
equation-of-state interaction parameters, w112 and w�12
are defined in eqs. (2) and (3) respectively:

w112 ¼ ln
273:2Rn2
p01V

0
gV

0
1

8>>>:
9>>>;� 1� p01ðB11 � V0

1Þ
RT

(2)

where R is the universal gas constant; p01, B11, and
V0

1, respectively, are saturated vapor pressure, gase-
ous state second virial coefficient, and molar volume
of the solvent at temperature T, and n2 is the specific
volume of the polymer.

w�12 ¼ ln
273:2Rn�2
p01V
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where n�2 is the specific hard-core volume of the
polymer and V�

1 is the molar hard-core volume of
the solvent.

The effective exchange energy parameter, Xeff, in
the equation-of-state theory is defined as follows:

RTw�12 ¼ p�1V
�
1 3T1r ln

ðn1=31r � 1Þ
ðn1=32r � 1Þ

" #)(

þn�1
1r � n�1

2r þ XeffV
�
1n

�1
2r ð4Þ

where p�1 is the characteristic pressure, n1r and n2r are
reduced volume of the solvent and polymer, respec-
tively. T1r is the reduced temperature of the solvent.
Reduced quantities in the above equation are defined as

nr ¼ V

V� ;Tr ¼ T

T� ; pr ¼
p

p�
(5)

where V is the actual molar volume of the liquid at
actual T, temperature in kelvin, and p, pressure. The
characteristic molar volume, V*, and the characteristic
pressure, p*, of a pure component can be calculated
directly from experimental values of molar volume, V.
Thermal expansion coefficient, a, and thermal pressure
coefficient, g, of the pure component, can be calculated
bymeans of the following equations:

n1=3r ¼ ðaT=3Þ
1þ aT

� �
þ 1 (6)

Tr ¼ ðn1=3r � 1Þ
n4=3r

(7)

a ¼ 1

V
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(8)

P� ¼ g Tn2r (9)

g ¼ @p

@T

8>: 9>;
V

(10)

The enthalpic interaction parameter w�h can be obtained
from the slope of the plot w�h versus 1/T from IGC
measurements according to its definition6–10

w�h ¼
@w�12=@ð1=TÞ
� �

T
(11)

According to the equation-of-state theory, w�h is approxi-
mated as under the gas chromatographic conditions.

Figure 1 The retention diagram of tBA (1), EA (2), and
MA (3) on HMS-013.

Figure 2 The retention diagram of Hp (1), Hx (2), and P
(3) on HMS-013.
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where X12 is the exchange enthalpy parameter.
Xeff combines the exchange enthalpy parameter X12

and the exchange entropy parameter Q12 as follows:

Xeff ¼ X12 � Tn2rQ12 (13)

The partial molar heat of sorption, DH1,sorp, of the
solvent sorbed by the polymer is given as14,17

DH1;sorp ¼ �R
@ðlnV0

gÞ
@ð1=TÞ

" #
(14)

where T is the column temperature (in kelvin) and
the partial molar heat of mixing, DH1

1, at infinite
dilution of the solvent is given as

DH1
1 ¼ R

@ðlnO1
1 Þ

@ð1=TÞ
� �

(15)

where O1
1 is the weight fraction activity coefficient of

solvent at infinite dilution, defined by the following
equation:

lnO1
1 ¼ ln
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where M1 is the molecular weight of solvent.

Molar heat of vaporization, DHv, of the solvent is
related to DH1,sorp and DH1

1 as follows:

DHv ¼ DH1
1 � DH1;sorp (17)

The solubility parameter of the polymer, d2, is found
by combining of the theories Flory–Huggins and Hil-
debrand-Scathard:11

d21
RT

8>>>:
9>>>;� w112
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¼ 2d2
RT

8>: 9>;d1 � d22
RT

(18)

where d1 is the solubility parameter of the solvent.

EXPERIMENTAL

Poly(methylhydrosiloxane-co-dimethylsiloxane) (HMS-
013) was a product of ABCR. Methyl acetate (MA),
ethyl acetate (EA), tert-butyl acetate (tBA), pentane
(P), hexane (Hx), and heptane (Hp) were of analyti-
cal reagent grade and used without further purifica-
tion. The solvents and support material being Chro-
mosorb W (AW-DMCS-treated, 80/100 mesh) were
supplied from Merck AG. Silane-treated glass wool
used to plug the ends of the column was obtained
from Alltech Associates. A Hewlett–Packard 5890
model, series II gas chromatography with a thermal
conductivity detector was used to measure the reten-
tion time of the solvents in this study. Data acqui-
sition and analysis were performed by means of
HP-3365 software. The column was a stainless steel
tubing with 3.2 mm o.d. and 1 m in length. The
polymer was coated on the support by slow evapo-
ration of chloroform by stirring the Chromosorb W
in the polymer solution.

RESULTS AND DISCUSSION

The specific retention volumes V0
g of MA, EA, tBA,

P, Hx, and Hp were obtained experimentally from
IGC measurements between 40 and 808C using
eq. (1). The percent error in V0

g was calculated as
less than 60.5 by using four or five successive mea-

TABLE II
Equation of State Polymer–Solvent Interaction

Parameters, x*12, with HMS-013

Solvent

T (K)

313 323 333 343 353

MA 1.37 1.27 1.14 1.13 1.09
EA 1.15 1.06 0.97 0.99 0.92
tBA 0.89 0.65 0.53 0.59 0.73
P 0.43 0.39 0.39 0.38 0.36
Hx 0.43 0.44 0.42 0.43 0.43
Hp 0.50 0.49 0.46 0.48 0.48

TABLE III
Effective Exchange Energy Parameters, Xeff (J/cm

3), of
HMS-013 with Studied Solvents at Various Column

Temperatures

Solvent

T (K)

313 323 333 343 353

MA 43.50 38.74 33.13 33.57 32.19
EA 23.43 20.04 16.63 17.95 15.45
tBA 11.74 3.20 �1.51 �0.34 4.22
P �5.32 �6.39 �7.17 �8.52 �9.37
Hx �2.46 �2.29 �4.63 �4.08 �5.02
Hp 0.92 0.35 �0.69 �0.37 �0.24

TABLE I
Flory–Huggins Polymer–Solvent Interaction Parameters,

x‘
12, with HMS-013

Solvent

T (K)

313 323 333 343 353

MA 1.23 1.11 0.98 0.96 0.90
EA 1.00 0.90 0.81 0.82 0.74
tBA 0.76 0.50 0.38 0.41 0.56
P 0.24 0.20 0.19 0.15 0.12
Hx 0.28 0.28 0.24 0.25 0.23
Hp 0.37 0.36 0.32 0.33 0.32
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surements of each datum. Results are given in
Figures 1 and 2, respectively.

The polymer–solvent interaction parameters, w112
and w�12, were determined from eqs. (2) and (3) bet-
ween 40 and 808C and the values of w112 and w�12 are
given in Tables I and II, respectively. The apparent
standard errors in the values of w112 and w�12 were less
than 60.01. The values of w112 greater than 0.5 repre-
sent unfavorable polymer–solvent interactions while
the values lower than 0.5 indicate favorable interac-
tions in dilute polymer solutions.18 The values of
them suggest that MA and EA are poor, and tBA is
moderately poor; however P, Hx, and Hp are good
solvents for HMS-013.

The effective exchange energy parameters, Xeff, in
the equation-of-state theory were obtained from
eq. (4) and the results are given in Table III. It was
determined that Xeff of HMS-013 in all solvents is
dependent on temperature.

The parameters X12 were obtained by means of the
eq. (12) using the values of w�h found from slopes of the
plots according to eq. (11). Then, parameters Q12 were
calculated from eq. (13). Results are given in Tables IV
and V, respectively. The apparent standard errors cal-
culated are better than 61 in the values of X12 and Q12.
Although the parameters X12 and Q12 are found to be
slightly increased for studied solvents, the temperature
dependences of X12 and Q12 are negligible.

In theory, it was assumed that their magnitude
depends on chemical nature of the polymer and sol-

vent and is independent on composition of the mix-
ture. It is expected that the exchange parameters of a
polymer with solvents in a homologue series should
be close each other. It was found earlier that the
magnitudes of the exchange parameters of the poly
(dimethylsiloxane) with some solvent system were
close6–9 to each other, while those of the poly(me-
thylmethacrylate) were not.10 In this study, the mag-
nitudes of the exchange parameters of poly(methyl-
hydrosilane-co-dimethylsiloxane)–solvent systems are
not close to each other, although their chemical
natures are similar.

DH1,sorp and DH1
1 were calculated from the slopes

of the plots of V0
g versus 1/T and ln O1

1 versus 1/T
in the temperature range 40–808C using eqs. (14) and
(15), respectively. The weight fraction activity coeffi-
cient of solvents at infinite dilution, O1

1, were calcu-
lated from eq. (16). O1

1 values are given in Table VI.
The values of DHv obtained from eq. (17) were

compared to the values of DHv calculated according
to the related reference19 and the results are given in
Table VII. It is shown that the agreement is good for
the solvents.

The solubility parameter of HMS-013, d2, was
determined from the slope and intercept of the plots
drawn according to eq. (18). The magnitudes of d2
were found by averaging the values obtained from
slope and intercept at studied temperatures.20,21 d2 at
room temperature was estimated approximately as
6.64 (cal/cm3)1/2 by extrapolating the average values

TABLE VI
Weight Fraction Activity Coefficient at Infinite Dilution

of the Solvents, O‘
1, with HMS-013

Solvent

T (K)

313 323 333 343 353

MA 10.18 9.13 8.08 7.99 7.64
EA 8.42 7.71 7.06 7.19 6.71
tBA 6.71 5.22 4.62 4.88 5.64
P 5.72 5.52 5.54 5.42 5.32
Hx 5.60 5.68 5.51 5.57 5.56
Hp 5.90 5.85 5.68 5.77 5.80

TABLE VII
Partial Molar Heat of Sorption, �DH1,sorp (kcal/mol),

Partial Molar Heat of Mixing, DH‘
1 (kcal/mol), Molar Heat

of Vaporization, DHn (kcal/mol), Obtained
by eq. (8) in the Temperature Range 40–808C and
Molar Heat of Vaporization, DHn

19 (kcal/mol)

Solvent �DH1,sorp DH1
1 DHn DHn

19

MA 5.7 1.6 7.3 7.2
EA 6.8 1.2 8.0 7.7
tBA 7.9 0.97 8.9 8.0
P 5.7 0.36 6.1 6.2
Hx 7.1 0.08 7.2 6.9
Hp 8.1 0.11 8.2 7.6

TABLE V
Exchange Entropy Parameters, Q12 (10

2 J/cm3 K�1), of
HMS-013 with Studied Solvents at Various Column

Temperatures

Solvent

T (K)

313 323 333 343 353

MA 19.83 20.64 21.60 20.12 19.89
EA 13.67 14.30 14.88 14.18 14.41
tBA 8.20 8.27 8.51 8.82 8.92
P 8.19 8.27 8.51 8.82 8.92
Hx 2.50 2.51 3.36 3.21 3.60
Hp 2.00 2.21 2.52 2.48 2.46

TABLE IV
Exchange Enthalpy Parameters, X12 (J/cm

3), of HMS-013
with Studied Solvents at Various Column Temperatures

Solvent

T (K)

313 323 333 343 353

MA 115.77 116.70 117.40 114.88 115.22
EA 73.26 74.05 74.76 75.26 75.61
tBA 41.62 42.74 43.77 44.74 45.52
P 24.52 24.83 26.08 27.10 27.86
Hx 6.67 7.20 8.50 8.89 10.02
Hp 8.21 8.71 9.18 9.64 10.02
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of d2 obtained at studied temperatures to 258C in
Figure 3.

CONCLUSIONS

This study suggests that studied n-alkanes are good
solvents and tBA is a moderately good solvent, but
EA and MA are nonsolvents for HMS-013 between
40 and 808C. It is shown that solvent quality of MA,
EA, and P increase and Hx and Hp slightly increase
with temperature, but it does not almost change in
tBA. It was seen that Xeff of HMS-013 in all studied
solvents are dependent on temperature while the
temperature dependences of X12 and Q12 are negligi-
ble. Solubility parameter of HMS-013 was deter-
mined to be 6.64 (cal/cm3)1/2 at 258C.
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Figure 3 Extrapolation of the solubility parameters of
HMS-013, d2, from studied temperatures to 258C.
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