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The intrinsic viscosities of eleven narrow molecular weight distribution polystyrene samples ranging
from number-average molecular weight 1820 to 1292 000 have been determined in pure solvents of
tetrahydrofuran and chloroform with a Ubbelohde No. 1 viscometer at 25°C. By combining the original
and modified Fox—Flory viscosity treatments, respectively, with the Flory—Huggins Lattice theory, the
interaction parameters were calculated. With the aid of original and modified UNIFAC methods the
solvent activity, clustering function of the solvent, and the interaction parameter were computed and
compared with the experimental data. It was established that the influence imposed by the polymer
molecular weight on the activity of the solvent, the clustering function of solvent, and interaction
parameter is insignificant. The modified UNIFAC method satisfactorily predicted the solvent activity as
illustrated by previous investigators. However, both UNIFAC methods failed to predict the interaction
parameter.

(Keywords: Intrinsic viscosity; interaction parameter; activity of solvent; clustering function;

UNIFAC)

INTRODUCTION

Due to small entropies of mixing, polymer dissolution is a
highly non-ideal process except at the extreme dilute case
where Raoult’s Law is still applicable. To explain polymer
solution properties, a special theoretical treatment is
required. The widely used Flory-Huggins''? theory of
polymer solution thermodynamics leads to an equation
for the free energy of mixing which contains com-
binatorial and non-combinatorial parts. In the original
form, the theory contains one adjustable parameter, i.e.
the interaction parameter which represents the non-
combinatorial free energy of interaction. The significance
of determining the interaction parameter is that it serves
as a criterion of miscibility in solvent/polymer system.
The interaction parameter may be obtained experimen-
tally by measuring the activity of the solvent. The activity
of the solvent may be determined by a number of
techniques such as vapour pressure lowering, freezing
point depression, light scattering, osmotic pressure, in-
verse gas chromatography and intrinsic viscosity
measurement. The unique feature of the intrinsic viscosity
technique is that it only generates information in the
limiting case of infinite dilution of the polymer. However,
inverse gas chromatography measurement provides infor-
mation at the other extreme of infinite dilution of the
probe molecule. Both methods are relatively easy to carry
out and require little time. While other techniques provide
accurate thermodynamic information in the concen-
tration range from 0.1 to 0.9, the variation of interaction
parameter over the entire concentration range is suitably
revealed via the intrinsic viscosity and inverse gas chro-
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matography methods. Several review papers in this field
are available in the literature®~°,

Fredenslund et al.'® derived the group-contribution
method, UNIFAC(U,), to estimate the activity of
vapour-liquid and liquid-liquid equilibrium systems of
low molecular weight species. The basic assumption is
that the group behaviour is independent of molecular
environment. It is known that this assumption is often not
true, making this method an approximate one. Oishi and
Prausnitz!! proposed the modified UNIFAC(U;) me-
thod by introducing the free volume correction to the
original UNIFAC. They demonstrated that the predicted
solvent activity of solvent/polymer systems agree to
within 10% error of observed values. The correlation
equation presented by van Krevelen and Hoftyzer!'? for
evaluating the solubility of solvent in polymer requires
additional information at the glass transition tempera-
ture. Gottlieb and Herskowitz!® used the modified UN-
IFAC method to obtain satisfactory prediction of in-
teraction parameters for several solvent/polydimethyl
siloxane(PDMS) systems. The attraction of the modified
UNIFAC method is that it does not require any experim-
ental data. However, this method has no provision for
predicting the effect of polymer molecular weight on the
thermodynamic properties of the system.

It is well known that the molecular parameters of
polymers such as degree of polymerization, degree of
branching, and molecular weight distribution have pro-
nounced effects on the rheological properties of polymer
systems. From both practical and academic points of
view, it is instructive and valuable to study the thermo-
dynamic properties of solvent/polymer systems. In
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most studies, the effect of polymer molecular weight
distribution on the thermodynamic properties can be
minimized by using polymer samples having narrow
molecular weight distribution. Outer, Carr, and Zimm'#
carried out light scattering experiments for dich-
loroethane and butanone, respectively, with a wide range
of molecular weights of polystyrene at 25°C. Their results
indicated that, except for very low molecular weight
samples, the interaction parameter remains constant for
different molecular weight polystyrenes. Bawn and Wa-
jid!® investigated the thermodynamic properties of
chloroform/polystyrene(PS) systems at 25°C. It was ob-
served that for low molecular weight polystyrene, the
interaction parameter is greater at low polymer con-
centrations and smaller at high polymer concentrations.
Muramoto!® reported the interaction parameter for
solutions of poly(dimethylsiloxane) of different molecular
weights in methyethylketone by means of the vapour
pressure method at 30°C. It was found that the y values
were to be almost independent of the polymer molecular
weight.

The purpose of this study was to re-examine the
applicability of the modified UNIFAC method to predict
the interaction parameter and the effect of polymer
molecular weight on the solvent activity and the in-
teraction parameter. In view of other work being carried
out in the authors’ laboratory’” ~!°, the experimental
portion of this work is concerned with the dilute polymer
solution characterization.

EXPERIMENTAL

The intrinsic viscosities of eleven narrow molecular
weight distribution polystyrene samples ranging from
number-average molecular weight 1820 to 1292 000 have
been determined in pure solvents of tetrahydrofuran and
chloroform with a Ubbelohde No. 1 viscometer. The
polystyrene samples were obtained from Pressure Chemi-
cal Company. Polymer solutions were prepared by weigh-
ing the polymer in a 50 ml flask and diluting at 25°C; the
concentration, C, in g d1~! was calculated. The solutions
were filtered into the viscometer through a Millipore
0.5 um filter. Viscosities of polymer solutions at a series of
concentrations by successive dilution were measured at
25°C with the aid of Haake constant temperature bath.
The efflux time was kept long enough to minimize the

Table 1 Characteristics of polystyrene samples

need for applying a kinetic energy correction. Duplicate
measurements on a given solution agreed to within
approximately 0.1% of the average flow time. For highest
precision in extrapolating to zero concentration, the
solution concentration was adjusted to the range that
gave relative viscosities between 1.1 and 1.5. The charac-
teristics of polymers are listed in the Table 1.

DATA TREATMENT

It can be shown, by combining the Fox-Flory viscosity
treatment?° with the Flory-Huggins lattice theory, that
the interaction parameter, y, of a solvent/polymer system
is given by the expression:

|4 n]*?
X=%—m{t[n]]7"[ﬂ]} (1)

A similar equation can be derived by applying the
modified Fox-Flory viscosity treatment proposed by
Kurata, Stockmayer, and Riog?!:

i) @) )

where V] is the molar volume of the solvent and C,K is a
constant dependent only on the specific volume of the
polymer at a given temperature and is equal to 2.4 x 102
for polystyrene®. [5] and [#], are the intrinsic viscosities
in the solvent and the theta solvent, respectively, of a
uniform chain length of molecular weight M. The intrinsic
viscosity at theta conditions can be evaluated by means
of:

[nl=KM'"? 3)

provided the K value is known. K is a constant for a given
polymer, independent of solvent and molecular weight. In
this study, a K value of 8.0 x 10™* was used for poly-
styrene, as given in ref. 20. As illustrated by Fox and
Flory??, the specific volume of polystyrene below the glass
transition temperature is essentially independent of the
molecular weight. Therefore, a constant specific volume of
polystyrene was used for the different molecular weight
samples. The difference between equations (1) and (2) is
that the latter takes the non-Gaussian character of
polymer chains into account.

Sample no. M,? My /Mp2 M, ¢ Mpb My /Mpb m,b
1 1790 1.06 2111 1822 117 2090
2 3570 1.06 3600 3115 1.15 3520
3 9050 1.06 9100 6550 1.18 7570
4 17 440 1.04 - 17500 1.09 17400
5 34100 1.06 - 31160 1.07 28240
6 51150 1.06 47400 51130 1.06 45620
7 92 600 1.06 98700 87770 1.09 93550
8 217600 1.06 233000 220520 1.06 252030
9 ~600 000 1.10 - 511880 121 633960

10 ~800 000 1.10 - 692610 1.19 810240

11 ~1600 000 1.30 1750000 1292500 1.46 1729000

2 Data supplied by Pressure Chem. Co., Pittsburgh, PA 16201, USA

This study. Characterized by using g.p.c. (Waters Assoc. Model 244) which had been calibrated for molecular weight through the use of

polystyrene standards {Waters Associates) in tetrahydrofuran
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In the literature, three concentration scales have been
used in reporting thermodynamic properties of polymer
solution: volume fraction, segment fraction, and site
fraction. In this study, interaction parameters are ex-
pressed solely in terms of segment fraction, which is

defined as:
wpf

=t 4
oot +opy @
where w; and v¥ are the weight fraction and hard-core
volume of component i. The hard-core volume can be
calculated by:

1
pivy
where p; is the density of component i. The reduced
volume, §;, can be calculated by:

T
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where « is the thermal expansion coefficient and T is the
temperature in Kelvin. The segmental concentration scale
requires the thermal expansion coefficient of the solvent as
well as that of the polymer. For the commonly used
solvents and polymers, the thermal expansion coefficient
can be found in the literature?® 31, If the thermal
expansion coefficient of solvent is not available, it can be
best estimated using density information compiled by
Timmerman3?. In this paper, the thermal expansion
coefficients of acetone and chloroform at 25°C, as well as
acetone, benzene, ethylacetate, and methanol at 30°C
were evaluated to be 141x1073, 125x1073,
143x1073, 1.23x1073, 1.44x1073, and 1.21'x1073,
respectively.

RESULTS AND DISCUSSIONS

The results are presented in Figures 1-7 and Tables 2-6.
The binary polymer systems selected for study were based
on the availability of experimental interaction parameter
data in the literature. The results of the viscosity measure-
ments may be represented well, with the exception of
lower polymer molecular weight samples, by the Mark—
Houwink relation as shown in the Figure 1. Based on the
viscosity average molecular weight, the Mark-Houwink
constants K’ and a obtained by regression analysis were
9.439 x 10”3 and 0.736 for the PS/THF solutions and
7.264x107% and 0.750 for the PS/CHCI; solutions,
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Figure 1 Intrinsic viscosity—molecular weight relations for
polystyrene in tetrahydrofuran and chloroform at 25°C.
O. tetrahydrofuran/PS solution; A, chloroform/PS solution

respectively. The intrinsic viscosity and the interaction
parameter data for these two systems are shown in Table 2.

As shown in Table 2, the difference in interaction
parameters calculated from equations (1) and (2) show
that the value from equation (1) is always greater than the
value from equation (2) and the difference increases as the
polymer molecular weight increases. This may indicate
that the non-Gaussian character of polymer chains
becomes more important as the length of polymer chain
increases. Apparently, a slight increase then decrease of
the interaction parameter with polymer molecular weight
is present in all 4 columns. This variation may be
attributed to the inherent uncertainty of the experimental
technique and inadequacies in the theories. The need for
further study on this subject seems to be indicated. The
values of experimental interaction parameters in the
Tables 3—6 were obtained by interpolation or by short
extrapolation of data taken from this study and from the
literature.

The modified UNIFAC method is briefly described
here, detailed information is given elsewhere!l. In the
miodified UNIFAC, the activity g, of solvent i is calculated
by:

Ing;=Inaf +na}+Inaf" (7

where superscripts C, R, and FV represent combinatorial,
residual, and free volume. The combinatorial part of the

Table 2 Intrinsic viscosity and interaction parameter data for PS/THF and PS/CHCl4 systems at 25°C

PS/THF PS/CHCl4
Polymer in] x calculated x calculated [n] X calculated x calculated
code no. {dl g—1) from equation (1) from equation (2) {di g—1) from equation (1) from equation (2)
1 0.042 0.470 0.462 0.040 0.483 0.478
2 0.054 0.475 0.467 0.048 0497 0.496
3 0.079 0.483 0478 0.070 0.498 0.498
4 0.126 0.485 0.480 0.118 0.492 0.489
5 0.178 0.477 0.468 0.168 0.484 0477
6 0.254 0471 0.460 0.231 0.481 0474
7 0.430 0.464 0.447 0.376 0.478 0468
8 0.894 0.457 0.432 0.819 0.467 0.449
9 1.763 0.454 0.421 1.640 0.462 0.436
10 2.112 0.453 0.419 1.950 0.462 0.435
1" 3.690 0.452 0418 3474 0.459 0.425
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Application of UNIFAC theory to polymer/solvent systems
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activity is given by

r:
lnalen¢§+z¢;+z¢§<l—r—')
P S s

zZ 6 Z o;
“Mgh-t——Mqgll1—-=
+2 Mgq; nd); 5 M,q,( 02)

where i represents a particular solvent, P and S stand for
polymers and solvents, respectively. The lattice co-
ordinate number Z is set equal to 10 and M, is the
molecular weight of component i. g; is the area parameter
of component i per gram and r, is the volume parameter of
component i per mole. The molar surface fraction, 6;, and
segment fraction, ¢;, of component i based on the weight
fraction w; are defined as:

_ _‘sz . _ Vi;
i~ ' U ’ i - ’ /
X4 27
j j
Parameters y; and g; are computed from the sum of the

molar functional group volume and functional group area
parameters, R, and Q,.

1 ; 1 .
EZV?’R;‘ ;o@i= ﬁZV?’Qk (10)
ik i

®)

=

In equation (10), v is the number of occurrences of
groups of type k in molecule i. Group parameters R, and
Q, can be obtained from the van der Waals group volume
and surface areas given by Bondi®S. The residual part of
the activity is given by:

Inaf=Y v[InT,—InTP] (11)
k

where I'; is the residual activity coefficient of group k and
'Y is the residual activity coefficient of group k in the
reference solution containing only molecules of type i. The
group activity coefficient I', can be computed by:

InT,=QiM, [1 “In (z Ot / » O;w,,,)] 12)

where 6, is the area fraction of the group m, and
summations are over all different functional groups in the
solution. Q, is the group area parameter per gram. ., is
computed by:

- —Zgg%ﬁm (13)

where w,, is the weight fraction of group m in the mixture.
In equation (12), the group interaction parameter y,,,, is
computed by:

O

Y =€XP (— ‘%“) (14)

where the group interaction parameter a,, is given by

Fredenslund et al.!°. The free volume part of the activity is
given by:

FV 511 P-1
In a = 3Ci In (1711“/3——1>

where 3¢, is the number of external degrees of freedom of
solvent i per mole. The reduced volumes for the solvent i is
computed by:

Y
15.17by;

where b is a proportionality constant of order unity. The
reduced volume for the mixture is computed by:

Zvj(uj
J
15.17b (Zy}ay)
j

The required parameters of c = 1.1 and b=1.28 are used
in the UNIFAC approaches as suggested by previous
investigators*?.

By examining Figures 2-5, it is found that the influence
of polymer molecular weight on the solvent activity and
interaction parameter is insignificant in all cases. The
UNIFAC method predicted activity values which are
much lower than the experimental results. With inclusion
of the free volume correction to the UNIFAC, called the
modified UNIFAC method'!, the discrepancy between
computed and observed activities are greatly reduced.
This observation agrees with the findings of Oishi and
Prausnitz'!. Once the activity of solvent is known, the x
can be easily evaluated. It is recognized that there are two
factors contributing to y, i.e. the energetic interaction
term, x, , which is associated with a difference in chemical
nature, and the free volume term, y,, which is associated
with a difference in thermal expansion coefficients be-
tween polymer and solvent molecules. It is known that the
magnitude of y is dominated by x, in most instances®’. As
noted by Flory®”, the typically large positive values of y
are the consequence of the difference in liquid-state
properties of the polymeric solute compared with the low
molecular weight solvent.

Gottlieb and Herskowitz!® computed the interaction
parameter for several PDMS/solvent systems applying
both UNIFAC and modified UNIFAC methods. It was
found that the modified UNIFAC method always over-
estimated the y except in the case for PDMS/straight-
chain pentane. This may be attributed to the large
difference in thermal expansion coefficients between pen-
tane and PDMS. As the original UNIFAC method
mainly takes the difference in chemical nature upon
mixing into account, it is reasonable to expect that the y
computed by this method should mainly reflect the
interactional term, y,. The difference in the y values
computed by UNIFAC and modified UNIFAC methods
should be characterized by the corresponding y,. Due to
the exceptionally high degree of thermal expansion coef-
ficient of PDMS, x, should exhibit a dominating effect over
Xs to the interaction parameter, y, in most of the hy-
drocarbon/PDMS systems. When the results of Gottlieb
and Herskowitz'?® are compared with the experimental
data reported by Chahal, Kao, and Patterson®®, it is
found that this trend qualitatively agreed. For the olig-
omer/PDMS systems, this trend was not observed. The
reasons other than free volume effect are discussed and
suggested elsewhere®®. In the present study, neither the
UNIFAC nor the modified UNIFAC approach satisfac-
torily predicted y in all cases (see Figures 2-5 and Tables
3-6). These discrepancies may be partially ascribed to the
significant differences in thermal expansion coefficients
between components.

(16)

b=

UM=

17)
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Figure 2 Activity of solvent and interaction parameter versus
segment fraction of polymer in chloroform/PS solution at 25°C.
Q.@, M,=2.9%10% AA; M,=9.0%10* taken from ref. 15; ¥,
M,=2. 47><105 taken from ref 33; and A, this study. Curve
descrlptlons for the activity of solvent, the solid line with open
symbols represents experimental data obtained from the literature;
——, computed from modified UNIFAC; and ——, computed from
UNIFAC; for the interaction parameter, the solid line with closed
symbols represents experimental data obtained from the literature;
—- -+, computed from modified UNIFAC; and —- - -, computed
from UNIFAC

It is instructive to present several interesting obser-
vations from this study. The polymer molecular weight
apparently has only a minor effect on y. Within experim-
ental error, x is considered to be independent of molecular
weight for the systems studied. Except for the polysty-
rene/chloroform system, the interaction parameter gene-
rated by the viscosity method fits well into the trend
obtained by other techniques. When comparing the
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polyisoprene/benzene systems at 25°C studied by Eiching
and Flory®” with the polyisoprene/benzene systems (95% of
cis-1,4 addition) at 23.5°C reported by Saeki, Holste, and
Bonner*!, significant differences in y are observed, This
disagreement may be due to the differences in microstruc-
ture of the polymers used. For the PVAc/benzene system
at 30°C?3, the y values scattered considerably as shown in
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Figure 3 Activity of solvent and interaction parameter versus
segment fraction in pentane/PIB solution at 25°C.
W, M,=4.0x10% taken from ref. 47; V¥, M,=6.6x 10* taken from
ref. 44; A, &, M=2.26x10° taken from ref. 50; and
O.®, M,=4.0x10* taken from ref. 51. Curve descriptions: for the
activity of solvent, the solid line with open symbols represents
experimental data obtained from the literature; ——, computed
from modified UNIFAC; and —-—, computed from UNIFAC; for the
interaction parameter, the solid line with closed symbois
represents experimental data obtained from the literature;

-, computed from modified UNIFAC; and —- - -, computed
from UNIFAC
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Activity of benzene, g
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Segment fraction of polymer, 9,

Figure 4 Activity of solvent and interaction parameter versus
segment fraction of polzmer in benzene/natural rubber solution at
26°C. ¥, M,=2.23x10° taken from ref. 33; O,@®, M,=7.5x10*
taken from ref. 37; W, M (not available) taken from ref. 38; and
A A, M (not available) at 23.5°C taken from ref. 52. Curve
descriptions: for the activity of solvent, the solid line with open
symbols represents the experimental data obtained from the
literature; —— —, computed from modified UNIFAC; and

—-, computed from UNIFAC; for the interaction parameter, the
solid line with closed symbols represents the experimental data
obtained from the literature; —— -, computed from modified
UNIFAC

Figure 5. The modified UNIFAC method better repre-
sents the interaction parameter both qualitatively and
quantitatively. The UNIFAC method predicted much
lower values for y. This observation contradicts that of
Gottlieb and Herskowitz!3. For the aliphatic hydrocar-
bon with polyisobutylene (PIB) or natural rubber sys-
tems, y decreases as the number of carbons in the solvent
increases. Furthermore, the y values computed by apply-

Interaction parameter, X

Activity of benzene, g

ing the UNIFAC method are all relatively small and
negative as shown in Tables 4 and 5. This may be due to
the similarity in the chemical nature between the polymer
segment and the solvent molecules. It is noteworthy that
for the PIB/straight-chain pentane system at 25°C, the
experimentally determined®® y, is a constant of appro-
ximately —0.1 compared with —0.11 computed by UN-
IFAC method. This may indicate that for chemically
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Figure 5 Activity of solvent and interaction parameter versus
segment fraction of polymer in benzene/PVAc solution at 30°C.
0.W, M,=1.1x10° taken from ref. 53; A, A, M,=1.7x105 taken
from ref. 54; O,@, M,=1.43x10% and V,¥, M,=4.8x10* taken
from ref. 55. Curve descriptions: for the activity of solvent, the
solid line with open symbols represents the experimental data
obtained from the literature; —~, computed from modified
UNIFAC; and ——, computed from UNIFAC; for the interaction
parameter, the solid line with closed symbols represents the
experimental data obtained from the literature; —- - -, computed
from modified UNIFAC; and —: - -, computed from UNIFAC
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similar mixtures, the small value of y predicted by
UNIFAC method may be closely related to g,.

The cluster integral G, for the solvent suggested by
Zimm and Lundberg®® is given by:

0a,/9,) _

611/51 = —¢2[ 6a1 1 (18)

T

where ¢, is the volume fraction of component 1 and 7, is
the partial molar volume of the solvent. The clustering
function, ¢,G,,/v,, is the mean number of type 1
molecules in excess of the mean concentration of type 1
molecules in the neighbourhood of a given type 1
molecules; thus, it measures the clustering tendency of the
type 1 molecules. An increasing tendency toward cluster
formation is reflected by an increasing or positive values
of the quantity ¢, G,,/v,. However, a decrease in cluster
formation is characterized by decreasing or negative
values of ¢,G,,/v; *.

The clustering functions for several polymer/solvent
solutions computed by the use of equation (18) with
replacing the volume fraction by segment fraction with
the modified UNIFAC and based on literature data are
presented in Figures 6 and 7. It is found that in the
PVAc/benzene and PS/chloroform solutions, the cluster-
ing functions are independent of polymer molecular
weight. The clustering function increases with increasing
concentration in PS/acetone solution. However, the fun-
ction goes through a maximum in the concentration range
between 0.4 and 0.6 for the PVAc/benzene, PS/chlo-
roform, PIB/straight chain pentane, and PIB/cyclo-
hexane solutions. For PS/acetone and PIB/pentane sys-
tems, the agreement between the modified UNIFAC and
experimental results is good. For other systems, the
difference in the clustering function between the com-
puted and observed values increases as the polymer
concentration decreases.

In spite of the fact that the modified UNIFAC ap-
proach is incapable of satisfactorily representing the
interaction parameter, it is still worthwhile to consider
this approach. A constant value of the so-called UNIFAC
group interaction parameter was used throughout this
study. This is not often true and may be directly re-
sponsible for this imperfection. Recently, progress has
been made to include and revise the temperature and
concentration dependence of the UNIFAC group in-
teraction parameters by Skjold-Jggensen, Rasmussen,
and Fredenslund®°-%!,

CONCLUSIONS

Within the error and inadequacy involved in the experi-
mental and theoretical treatment, there is no depen-
dence of the interaction parameter on polymer mole-
cular weight. Through treatment of experimentally gene-
rated data and interpretation of literature data, it has been
concluded that the non-Gaussian character of polys-
tyrene becomes more important as the polymer molecular
weight increases. It was found that the influence imposed
by the polymer molecular weight on the activity of
solvent, the clustering function of solvent, and the in-
teraction parameter is insignificant. In the present study,
neither the UNIFAC nor the modified UNIFAC methods
satisfactorily predicted y in all cases, although both
successfully predicted either activity or interaction para-
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Figure 6 Clustering function versus segment fraction of solvent
at 25°C. For acetone/PS solution: [J, M,=1.57 x 10* taken from
ref. 15; and ———, computed from modified UNIFAC; for
pentane/PIB solution: VV, M,=4.0x10% taken from ref. 51; and
——, computed from modified UNIFAC; for chloroform/PS
solution: O, M,=2.9x105; and A, M,=9.0x10* taken from

ref. 15;and ------ - , computed from modified UNIFAC

meter in some cases as verified by previous
investigators!!-13,

It should be emphasized that the constant values of
UNIFAC group interaction parameter was used which
may not be true. It is expected that the accuracy of
modified UNIFAC method will be greatly improved with
the advanced development of taking temperature and
concentration dependence of the UNIFAC group in-
teraction parameters into account.
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Figure 7 Clustering function versus segment fraction of solvent.
For cyclohexane/PIB solution at 25°C: O, M,=4.0x 104 taken
from ref. 47; and ——, computed from modified UNIFAC; for
benzene/PVAC at 30°C: A, M,=4.8x10% and OJ, M,=1.43x10°
taken from ref. 65; V, M,=1.7 x 10° taken from ref. 54; and
-------- , computed from modified UNIFAC
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