Polymer Vol. 38 No. 14, pp. 35393543, 1997
© 1997 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0032-3861/97/$17.00 + 0.00

PII: S0032-3861(96)00914-7

:
ELSEVIER

Comparison of the intrinsic viscosity and
inverse gas chromatography techniques in
determination of the exchange enthalpy and
entropy parameters

Ferdane Yilmaz* and Ozlem Cankurtaran
Department of Chemistry, Yildiz Technical University, 80270 Sisli-Istanbul, Turkey
(Revised 25 September 1996)

The x;-interaction parameters of poly(dimethyl siloxane) with methyl ethyl ketone at very low polymer
concentration were determined by means of intrinsic viscosity (IV) measurements at several temperatures.
The x{°-total interaction parameters of the same system at infinitely high polymer concentration were also
determined using inverse gas chromatography (i.g.c.) technique around the same temperature range. Then,
exchange enthalpy, X;,, and entropy, Q;,, parameters in the Flory’s equation of state theory were
determined from the obtained interaction parameters. Both X}, and @, parameters obtained by IV are
lower than those found by i.g.c.. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Recently, we suggested a new method to estimate
average values of the exchange enthalpy, X;, and
entropy, 0, parameters of the equation of state theory
in some polymer—solvent pairs by intrinsic viscosity (IV)
measurements' . Later, we submitted two other manu-
scripts for determmation of the X7, and Q;, parameters
of poly(dlmethyl siloxane) (PDMS) with some solvents
by inverse gas chromatography (i.g.c.) technique®®. The
obtained values of the X, and Q;, parameters were
comparable with those determined earher by other
techmques at lower polymer concentration’ although
i.g.c. data are obtained at compositions where the
polymer fraction approaches unity. This implies that
X, and Q,, parameters are independent of composition
of the polymer—solvent system as it is assumed in the
equation of state theory.

In the present study, we aimed to compare these two
techniques for the PDMS-methyl ethyl ketone (MEK)
system because this system is suitable to study with both
techniques around room temperature.

In addition, since MEK is a theta solvent for PDMS at
20°C, it would be interesting to obtain the y-interaction
parameter of the system at theta point in order to predict
the whole expansion of the empirical equation

Xt=X1+X2¢2+X3‘I>§+--- (1)

where x,, X2, and X3 are coefficients that are constant for
a given polymer—solvent pair and are a function of
temperature. ¥, is segment fraction of the polymer,
which will be defined in the next section. x; and x, are
1/2 and 1/3 at theta point, respectively®, however, there is
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no information about the magnitude of other coefficients
in order, yet.

THEORETICAL BACKGROUND
The Flory formulation of the equation of state theory

In the theory, a pure liquid solvent or an amorphous
polymer is described with a partition function®~15. By
differentiation, it yields the equation of state for pure
components and their mixtures, which can be expressed
in a reduced form

po/T =P)@? - 1) - @T)~ )

The reduced volume, #, temperature, T and pressure
of a pure liquid or an amorphous polymer are defined as

=V /V* (3)
T=T/T* (4)
p=p/p’ (5)

where V is actual molar volume of the liquid at actual T,
temperature in K and p, pressure. Characteristic molar
volume (or hard-core molar volume), V*, characteristic
temperature, 7* and characteristic pressure, p* of the
pure component can be calculated directly from experi-
mental values of the molar volume, V, thermal expan-
sion coefficient, o and the thermal pressure coefficient, v
of the pure component, by means of the equations

7 = [(aT/3)/(1 + aT)] +1 6)
T = (33 - 1)/5%? (7)
a=(1/V)(0V/0T),—0o (8)
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Pt =T 9)
= (0p/0T), (10)

Generally, subscript 1 and subscript 2 are used for
solvent and polymer, respectively. No subscript is used
for their binary mixtures. Two different concentrations
are defined in the theory. The segment fraction of the
components are

q>1 = 1 - q)z (11)
and the contact site fraction of the components are
6y = (s2/51)@2/[(52/51)@2 + @1y O =1-0, (12)

where m is weight fraction and s, /s is the ratio of surface
areas (or contact sites) for a polymer segment and
solvent molecule.

Total interaction parameter, x; is defined in a whole
concentration range in the theory as

= pi¥7/®3{37T, La[(5,” — 1)/(5"/* - 1)]
Y+ (X1, — T501,) ViT63/0®3 (13)

where R is universal gas constant. The exchange
enthalpy, X, and entropy, Q;, parameters in the paren-
theses in the last term of equation (13) are combined as
an effective exchange energy parameter, X,

X=X, —ToQ), (14)

The total interaction parameter Y, is the sum of enthalpy
interaction parameter x; and entropy interaction para-
meter x, as

Q) = myv3/(myv] + myv3);

RTXt

+ot -0

Xt = Xb + Xs (15)

The enthalpy interaction parameter is defined in the
theory in a whole concentration range as

Xn = (PIVI/RT®) (41" = 7") + (aT/D)(Ty — T)/T)
+ Vi (1 + aT)X,03/(5RT®?) (16)

Intrinsic viscosity
IV, [n] is related to the x-interaction parameter by the
following equation ~~

[ = [nle + 1.05(3/21)*/(@o/ Na) (Mav3/ V1) (1 — 2x1)
(17)

where [n], is the intrinsic viscosity at the theta point, ®, is
universal V1scos1ty constant bemg equal to 2.5 x

1072 mol™! if the unit of the IV is dig™!, M, and v,
are molecular weight and partial specific volume of the
polymer, respectively, ¥, is molar volume of the solvent
and N, is Avogadro’s number.

Polymer concentration is considerably lower
(10"4gcm 3) in an intrinsic viscosity measurement.
Further, the ratios of specific viscosity, 7y, to the
polymer concentration, ¢, are extrapolated to the zero
polymer concentration to obtain the IV according to
its definition, [} = L1mc_‘0(nsp/c) Therefore, we may
assume that the x;-interaction parameter in equation
(17) is equal to the x; interaction parameter at zero
polymer concentration, i.e. ®, = 0, in equation (1).

On the other hand, from the series expansion of
equation (13) in powers of &,, the following
equation is obtained for the infinitely dilute polymer
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solutions' 12
X1 =piViA a1 /26,R — (s;/51)° Vi Q1a/ R
+ (s2/51)* V1 X12/5 RT (18)

where

A= (1-T7/T5)(p3/p1) — (s2/51) X2/ P1

It is obvious that X;, and Q;, can be obtained from the
slope and intercept of the linear straight line of the plot,
x1 v8 1/T if we assume that all equation of state
parameters are independent of temperature in the
studied temperature range.

Inverse gas chromatography

The specific retention volume, V.

¢» 1S a quantity

‘obtained from the i.g.c. technique and is the net

volume of carrier gas required to move all solvent
molecules through the column at 0°C and is related to the
X13-interaction parameter at infinitely high polymer
concentration according to Flory—Huggins theory?!-24

XT% = Ln(2732R'U2/p‘1’ Vgon) - (1 — V}/M2’U2)
—pi(Bn — V1)/RT (19)

where p and B, are the saturated vapour pressure and
second virial coefficient of the solvent, respectively.
Solvent vapour pressures were computed from the well-
known Antoine’s equation and Antoin’s constants have
been obtained from the literature?. The densities of
solvent and polymer were also obtained from the
literature!>!®, Second virial coefficients of MEK have
been calculated from the express1on given by Pitzer and
Curl®. In order to obtain the x-interaction parameter
in the equation of state theory, the corresponding ratio
of molar hard-core volumes of the components are used
instead of the ratio of their actual molar volumes as
follows

X = La(273.2R0} /g2 VVT) — (1 — Vi Myu3)
— (B — V1)/RT (20)
Under the i.g.c. conditions, the segment and contact
site fractions of polymer approaches to unity, i.e. &, = 1,
0, =2 1. Therefore, it may be assumed thatv = v,, T = T,

a = ay. Consequently, for i.g.c. conditions, equations
(13)—(16) can be rewritten, respectively, as follows:

RTXZ® =piVi {3T1Ln[(”‘/3— /@ -]+ 57 =571

+ X Vi'D ’U2 (21)

Xip = X1 - TrQn, (22)
X =xXn X (23)
X = (piVi/RT)(57' = 035") + (T /5)(Ty — T) / T
+ V(1 + anT)X12/(92RT) (24)

By means of i.g.c. measurements, xi_ is found from the
slope of the linear straight line of the x;” vs 1/T plot,
according to its definition

= [P(x*)/6(1/T)/T (25)

EXPERIMENTAL

PDMS was a Petrarch Inc. (Bristol, USA) product with a
number-average molecular weight of 2.8 x 10*. MEK
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was analytical reagent grade produced by Merck AG.
Inc. (Darmstadt, Germany) and was used without
further purification.

The IV was obtained using a home-made Ubbelohde
type viscometer in a constant temperature bath con-
trolled to +0.02°C. The efflux time of 2 ml methyl ethyl
ketone was 357.5 £ 0.1s at 20°C. Five polymer concen-
trations were obtained in the viscometer by successive
dilution of the initial PDMS solution. The concentra-
tions of the solutions were kept below 10~ gem™. The
IV was found from the intercept of the linear regression
of the experimental data.

Experimental details related to the i.g.c. technique
were given in previous studies>®.

RESULTS AND DISCUSSION

In Table 1, we have reported IV data obtained in this
study. Although we used equation (17) in calculation of
x1 in our previous studies related to IV!™* we have
applied a slight modification to equation (17) in this
study. In a theta solvent favourable and unfavourable
interactions compensate each other, so high volume
change of mixing is not expected. According to experi-
mental results'?>” #2773 it was also found that the
volume change of mixing is low in theta solvents, i.e.
max. 0.3%, therefore it may be assumed that the volume
change of mixing is negligible and the partial specific
volume of polymer is approximately equal to its own
specific volume in a _theta solvent. On the other hand,
Eichinger and Flory®’ have proposed a replacement of
volume fractions with segment fractions and the ratio of
molar volumes of polymer to that of solvent, V,/ ¥V, with
the ratio of molar hard core volume of polymer to that of
solvent, V5 /V{. Therefore, we have applied this
proposal to equation (17), analogously to equations
(19) and (20), and have rewritten equation (17) as

[n] = [nls + 1.05(3/27)*%(®o/N4)
x (M3 /V)(1 = 2x1)v2 (26)

In Figure 1, we have plotted x,-interaction parameter
by a linear regression as a function of the reciprocal of
the absolute temperature using the above modified
equation. From its slope and intercept, we have
calculated X;, and Q;, parameters, respectively, which
are presented in Table 1. In order to calculate X5, and
012, the necessary reduced and characteristic parameters
of the PDMS and MEK were taken from literature'*">.
It should be noted that we have found higher values for
X5 and Q;, if we used equation (17) instead of equation
(26) in calculation of xi, for example 44.9J em—? and
—0.0596Jcm 3K for the former and 40.6Jcm™ and
—0.0700Jcm 3K for the latter, respectively, at 20°C.

Table 1 Intrinsic viscosities, [r], x,-interaction parameters, exchange
enthalpy, X1, and entropy, Q;, parameters of PDMS-MEK system at
various temperatures

Temp. [ X3 -0 x10°
0 @g™ Xi (em™) @em?K™)
20 0.1300 0.500 40.6 70.0

30 0.1390 0.491 41.0 69.9

40 0.1462 0.484 41.3 69.6

50 0.1591 0.472 41.6 69.3

60 0.1667 0.465 41.9 69.1
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Figure 1 Variation of x;-interaction parameter obtained from IV
measurements as a function of temperature
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Figure 2 Variation of specific retention volume of MEK in PDMS in
the i.g.c. measurements as a function of temperature

The specific retention volumes, ¥, of the PDMS-
MEK system were shown in Figure 2 as a function of
reciprocal of the absolute column temperature. The
linear straight line shows that the equilibrium sorption is
attained in the studied temperature range. The numerical
data for ¥, were given in Table 2 together with other
data obtained from i.g.c. measurements.

Figure 3 represents variation of the values of x{° with
temperature. We have assumed that they increased
linearly with the reciprocal of the absolute temperature
since variation of them with reciprocal of absolute
temperature is a straight line according to our previous
studies®® and some studies in the literature®*>!. Then, we
have calculated x;° values from its slope. We could not
find any i.g.c. data related to x{° and x3° in literature to
compare our data.

The X, and Q,, parameters obtained from both
techniques are shown in Figure 4 where filled and hollow
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Table 2 The specific retention volumes, ¥, x{°-total interaction and x;"-enthalpic interaction parameters at infinitely high polymer concentration,
and effective exchange energy X, exchange enthalpy, X, and exchange entropy Q;, parameters of PDMS-MEK system obtained from IGC
measurements at various column temperatures

Column

temp. Ve X1 X5 —0p, x 10°
0 (em® gpol ™) Xt P (Jem™) (Jem™) (em™K™)
30 144.5 1.51 1.45 64.7 52.8 32

40 97.3 1.47 1.40 65.3 49.9 40

50 69.0 1.44 1.36 64.2 54.6 24

60 49.8 1.40 1.32 64.0 53.8 24

70 37.6 1.35 1.28 62.4 54.7 18

80 29.1 1.29 1.24 60.5 53.7 16

90 21.9 1.29 1.21 60.9 55.5 16

symbols belong to IV and i.g.c. experiments, respectively.
The X, as well a5 0, parameters obtained from IV
measurements have values lower than those obtained
from i.g.c. measurements. This suggests that X, and Oy,

parameters are dependent on composition of the mixture
at least for this polymer—solvent system. Both Xj, and
0, parameters slowly increase with temperature, so they
may be independent of temperature.

In Figure 5, we have compared the total interaction
parameter Y, data obtained by osmotic pressure
measurements in literature®? with the expected values
from the equation of state theory for the PDMS-MEK
0.50 1 T system at a whole composition range at 20°C. The solid
4 1 line was theoretically produced by using the mean
0.49 + i values of the Xi; and Q,, parameters obtained from
both techniques in equation (13). The ratio, s,/s; was
estimated as 0.58 by the approximation that the solvent
may be represented by a sphere and the polymer by a
cylinder. The experimental x value is 0.50 at &, =0,
that is obtained by IV at 20°C (#-point) while the x
0.47 7 value is 1.58 at &, = 1, that is obtained by extrapola-
1 tion of the i.g.c. data at high temperatures to 20°C.
The agreement between theory and experiments is
satisfactory.

The dotted line in Figure 5 was produced by assuming
the empirical equation (1) as

Xt = 1/2 4 (1/3)@; + (1/4)®3 + (1/5)03
+(1/6)®5 + (1/7)®3 (27)

Therefore, at theta point at least for this polymer—solvent

0.51 T T T

Xy o.48 | 4

0.46 -1

L . I
0.0032 0.0034

1/T (K1)

Figure 3 The x°-total interaction parameters of PDMS-MEK system
obtained from i.g.c. as a function of temperature
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Figure 4 The exchange enthalpy, X, and entropy, Qy, parameters of PDMS- MEK system as a function of temperature. The filled and hollow

symbols were obtained from IV and i.g.c. measurements, respectively
-
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1.8 T T T T T T T T

Figure 5 Comparison of the x;-total interaction parameter of the
PDMS-MEK system at a whole concentration range at 20°C. The solid
line was produced from the equation of state theory by using the mean
values of the X, and Q,, parameters obtained from both techniques in
this study. The hollow symbols represent the data reported by Dolc et
al., obtained from the osmotic pressure measurements™. The filled
square and the filled circle represent data obtained from IV and i.g.c.
measurements, respectively, in this study. The dotted line was produced
by using equation (27) in the text

system, we may write
5
=Y 1/(i+2)% (28)
i=0

It is concluded that the IV technique gives lower values
for both X|; and Q,, parameters of the PDMS-MEK
system. This suggests that the X, and Q;, parameters
depend on composition of this polymer—solvent pair.
The increase of the X, and Q;, parameters with
temperature is almost negligible. The composition
dependence of the X;, and @), parameters is in
disagreement but negligible temperature dependence of
them is in agreement with the assumptions of the
equation of state theory of Flory.
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