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Solubility of biphenyl in binary solvent mixtures
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Summary

Solubilities have been determined at 25°C for biphenyl in binary mixtures of
cyclohexane with n-hexane, n-heptane and n-octane, and in binary mixtures of
carbon tetrachloride with cyclohexane, n-hexane and n-heptane. The results of these
measurements are compared to solution models previously developed. The Nearly
Ideal Binary Soivent (NIBS) model predicts the binary solvent solubilities to within
a maximum deviation of 1.3%, using as input data the solubility of biphenyl in the
pure solvents. In comparison, the UNIFAC group contribution model predicts the
experimental solubilities in both pure and binary solvenis to within a maximum
deviation of 49%. While the deviatioas for the later solution model appear quite
large, the predicted values do represznt a significant improvement over the ideal
solubility approximation.

Introduction

This work continues a systematic search for mixing models and equations which
will provide predictions for the thermochemical properties of a solute at high
dilution in binary solvent mixtures. In two earlier papers, Acree and Rytting (1982a
and b) reported solubilities for benzil and p-benzoguinone in binary solvent mix-
tures containing carbon tetrachloride, in which the mole fraction solubility of benzil
and p-benzoquinone cover a 14-fold and 6-fold range, respectively. The experimental
data were interpreted with solution models developed previously for solubility in
systems containing specific solute-solvent interactions and with models of purely
non-specific interactions. A stoichiometric complexation model based entirely on
specific interactions (non-specific interactions ignored) required several equilibrium
constants to mathematically describe the experimental results, while the Nearly Ideal
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Binary Solvent (NIBS) model, based on non-specific interactions, described ade-
quately the observed solubilities without introducing a single equilibrium constant.

The success of the NIBS approach in predicting the binary solvent effect on
benzil and p-benzoquinone solubilities suggested the possibility that this solution
model may provide a foundation for approximations of the physical interactions
even in a system known to contain chemical interactions. To pursue this idea further,
Acree et al. (in press) extended the basic NIBS model to systems containing
assuciation between the solute (component A) and a complexing cosolvent {compo-
nent C)

A, ~-C,=AC
Pac
K® = A
A a b

Postulating the formation of a 1:1 anthracene-benzene complex, the authors
demonstrated that the solubility of anthracene in benzene + n-heptane and benzene
+ isooctane could be described to within a maximum deviation of 4% using a single
equi ibrium consiani, K%, = 1.91. More imporianily, ii was noted that the de-
termination of solute-solvent equlhbnum constants from solubxhty measurements
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determined in cyclohexane (K& = 0.260 M“) methylcyclohexane (K = 0.252

M~y and »- henmne (Kc.n =246 M~ 1\ solvents. Deviations of this magmmde are

to be expected in comparing independently determined equilibrium constants,
particularly in the case of weak association complexes as both specific and non-
specific interactions play an important role in determining the total non-ideality of
the solution.

A:s the final paper in the short series dealing with thermochemical investigations
of associated solutions, I was hoping to describe the solubility of testosterone in
binary cyclohexane + chloroform mixtures. In looking at the solubility data of James
and !Mehdizadeh (1981), I noted that testosterone is very soluble in chloroform,
having a volume fraction solubility of (¢i'). = 0.489. Calculation of
testosterone—~chloroform association constant(s) does present a small problem since
one i+ not certain that the basic NIBS model will describe the thermochemical
prope-ties of very soluble solutes. Previous testing of the NIBS model was limited
primarily to systems having solubilities on the order of X5 < 0.2.

To address this concern, I have measured the solubility of biphenyl in several
binary solvent mixiures. Biphenyl was chosen as the solute moiecuie because the
enthalpy of fusion is available in the literature. This allows the activity of the solid
solute to be estimated at temperatures removed from the normal meumg, point.
Furthermore, one can estimate the molar volume of the supercooled liquid, V, = 149.4
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Acrez (1983) compared the solubility-based association constant fo
zane comnley K¢ —=013913 M1 to the sp
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TABLE 1

OBSERVED AND PREDICTED VALUES OF THE SOLUBILITY OF BIPHENYL IN SEVERAL
BINARY SOLVENTS AT 25°C

Solvent 1 + Solvent 2 x? ) S % Deviations of calculated values *
(XV) (VV) UNIFAC
Cyclohexane 0.0000 0.1233 - - +494
+ n-hexane 0.2134 0.1378 +0.1 +0.2 +46.0
0.3618 0.1476 +09 +0.9 +44.2
0.5311 0.1609 +0.5 +0.6 +40.9
0.6844 01727 +03 +0.3 +38.5
08179 0.1817 +03 +04 +373
1.0000 0.1921 - - +37.0
Carbon tetrachloride 0.0000 0.1233 - - +49.4
+ n-hexane 0.1733 0.1538 +13 +1.3 +43.1
0.2982 0.1843 -04 -05 +345
0.4731 0.2268 +04 +0.4 +24.7
0.6387 0.2691 +0.3 +0.3 +160
0.8319 0.3103 +038 +0.6 +97
1.0000 0.3421 - - +6.4
Cyclohexane 0.0000 0.1480 - - +219
+ n-octane 0.1462 0.1539 +0.2 +0.3 +226
0.3314 0.1601 +1.1 +1.1 +250
0.5016 0.1675 +0.7 +0.9 +27.3
0.7318 0.1789 -0.1 0.0 +308
0.8293 0.1825 -041 0.0 +33.2
1.0000 0.1921 - - +370
Carbon tetrachloride 0.0000 0.1381 - - +32.0
+ n-heplane 0.1369 0.1594 ~0.3 +0.1 +289
0.3185 0.1938 —-04 +0.2 +23.1
0.5046 0.2340 +0.8 +0.9 +19.0
0.7099 0.2815 +0.9 +1.0 +12.5
0.8131 0.3051 +0.6 +0.5 +95
1.0000 0.3421 - - +6.4
Cyclohexane 0.0000 0.3421 - - +64
+ carbon tetrachloride 0.1654 0.3213 +1.1 +1.0 +10.2
0.3387 0.3015 +0.4 +0.3 +13.3
0.5215 0.2740 +0.7 +0.6 +18.9
0.6833 0.2474 +0.38 +0.7 +24.5
0.8507 02184 +0.5 +0.5 +30.8
1.0000 0.1921 - - +370
Cyclohexane 0.0000 0.1381 - ~ +320
+ n-heptane 0.1831 0.1477 -0.2 +0.2 +31.2
0.3654 0157 +0.1 +0.5 +324
0.5455 0.1663 +0.4 +0.8 +33.7
0.7386 0.1765 +0.7 +1.0 +35.0
0.8511 0.1845 . +03 -0.1 +35.6
1.0000 0.1921 - ~ +37.0

2 Deviations (%) = 100 In(X$*/X$*).
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M iterials and Methods

Biphenyl (Aldrich) was recrystallized several times from methanol, giving a
melting point of 69.5 + 0.5°C (literature value 71°C; Weast, 1981). Cyclohexane
(Aldrich Gold Label), n-heptane (Fisher Spectroanalyzed), n-octane (Aldrich Gold
Label), n-hexane (Aldrich 99%) and carbon tetrachloride (Fisher Spectroanalyzed)
were stored over molecular sieves (Type 4A) to remove trace amounts of water.
Binary solvent mixtures were prepared by weight so that solvent compositions could
be calculated to 0.0001 mole fraction.

Excess solute and solvent were placed in amber glass bottles and allowed to
equilibrate in a constant temperature bath at 25.0°C for several days. Random
duplicate samples were allowed to equilibrate for a longer period of time, but no
significant d difference in the saturation SOxiiuuu.y' was observed. ﬂliqﬁulb of saturated
biphenyl solutions were transferred through a coarse filter into a tared volumetric

flask to determine the amount of sample, and diluted quantitatively with cyclohe-

xane. Concentrations were determined spectrophotometrically at 250 nm on a Cary
11% spectrophotometer. Experimental solubilities of biphenyl in several binary
solvent mixtures are given in Table 1. The experimental results at each composition
represent the average of 10 determinations with a maximum deviation of about 1%.

Results and Discussion

The general NIBS expressions for predicting solubilities in systems with non-
specific interactions depend on two different models of solution ideality:

RT In(a™/X5) = (1 - ¢5) 42(4G5 )50, + $2(4G5 ) ey
-Vi(X}V, +X(2)Vz)‘14~3] (Egn. XV)

_ V
RT ]n a,\\-hd sal y 1 o pnat 1 _ — 3 —
/) =0 - ’( (XIV, + XIV,)

]:( ) [4’1 AGm)x“~1

+43(AG8) 5.~ (XY, + X9V,) 4G (Eqn. VV)

Eqn. XV is based on Raoult’s Law, and Eqn. VV is based on the Flory- -Huggins
model. In the above expressions X, is mole fraction, ¢, is volume fraction, AG%} is
the molar excess Gibbs free energy of the binary solvent relative to Raoult’s Law !,
and a%" is the activity of the solid solute (component 3) relative to the pure

' For a binary mixture, the excess molar Gibbs free energy over the predictions of the Flory-Huggins
equation is related 1o the defined excess free energy by:

AGE = 4G5 = RT[In(X{V, + X4¥,) - X2 1n V, - X31n V, ]
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hypothetical supercooled liquid. The numerical value of 2% can be calculated from
the solute’s melting point temperature (T,,) and molar enthalpy of fusion (AH )

AHYS(T, —T)
== 3RTT (1)

m

T
In 2™ = In X5 y3* = fr (AHY*/RT?)dT

assuming that AH{* is constant through the temperature interval. For bipheny] this
will be a good approximation as one is extrapolating over a very small temperature
interval —46°C.

Comparisons of experimental and predicted values are shown in Table 1 for
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include: a0 (= 0.3844) calculated from the enthalpy of fusion data, AH = 4400
cal/mole (from Plato and Glasgow, 1969, and V, (= 149.4 cm®/mole) estimated
from the experimental data of Geod et al. (1953). Literature references for the AG S
values are tabulated in earlier papers (Acree and Bertrand, 1977 and 1983; Acree
and Rytting, 1983a). In general, Eqns. XV and VV are comparable with overall
average (rms) deviations of 0.6 and 0.7%, respectively.

Biphenyl solubilities can be used to test other solution models as well. The
UNIFAC (Universal-functional-group-activity-coefficient) model (Fredenslund et
al.,, 1975 and 1977) is a relatively new group contribution approach developed in
chemical engineering laboratories for estimating activity coefficients, y;, of multi-
component mixtures.

Iny,=In(¢,/X;) +31Zq; In(8,/¢;) +1,

—(o/X, )ZXI + Y »P[Inr—Inr@] )

allgroupsin
solution

Definitions of the UNIFAC terms are found in papers by Fredenslund et al.

7o test the predictive abilities of the UNIFAC model, biphenyl solubilities were
calculated for all 6 binary solvent mixtures studied. Results of these calculations are
summarized in the last column of Table 1. Deviations expressed in percentages are
on the order of 20-35% for most of the binary solvent mixtures and are comparable
in magnitude to the deviations noted in an earlier paper (Acree and Rytting, 1983b)
for naphthalene solubilities. While the deviations may seem large compared to the
experimental biphenyl solubilities, the predicted values do represent a significant
improvement over the ideal solubility approximation (X$); = a'?"¢ = 0.3844.

Inspection of the last 3 columns of Table 1 reveals that the NIBS predictions are
far superior to those of the UNIFAC model. It must be remembered, however, that
the objectives of the two solution models are quite different. The Nearly Ideal
Binary Solvent model was developed for predicting the thermochemical properties of
the solute (which in this case is the solubility) in binary solvent mixtures from the
measured properties in the two pure solvents. The fact that the NIBS expressions
require a priori knowledge of the properties in the pure solvents does limit their
application.
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The UNIFAC model, on the other hand, predicts the solute’s thermochemical
properties from a group contribution approach, with the various input parameters
being determined, in many cases, from liquid-vapor equilibrium data of binary
systems having the desired functional groups. Reduction of a large body of experi-
mental data to just a few representative parameters reduces the predictive ability of
the UNIFAC model for any one particular system or small set of systems, as the
group parameters represent averages over the entire data set. This loss in predictive
ability is more than compensated for by the fact that the UNIFAC expressions can
be used to predict the thermodynamic properties of systems not included in the
original data reduction, provided the systems contain only molecules having known
group parameters. The potential to estimate the solubility of hypothetical drug
molecules in any given solvent environment might make the UNIFAC model useful
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limitations and applications of the UNIFAC model can be properly assessed.
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