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MEASURED SOLUTE SOLUBILITIES IN BINARY 
SOLVENT MIXTURES 
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(Received 2 April 1990) 

A relatively simple method is developed for studying preferential solvation in nonelectrolyte solutions 
based on the Nearly Ideal Binary Solvent (NIBS) and Extended NIBS model mathematical representation 
for how solute chemical potential varies with solvent composition. Expressions are derived for estimating 
the extent of preferential solvation around a nonelectrolyte solute from measured solubilities in binary 
solvent mixtures containing nonspecific and specific interactions. The computational method is illustrated 
with published data for anthracene, pyrene and carbazole dissolved in mixtures containing dibutyl ether 
plus n-octane and isooctane. Numerical values based on the derived expressions show the dissimilar 
preferential solvation behavior expected in mixtures containing the two noncomplexing polycyclic 
aromatic hydrocarbon solutes as compared to the complexing carbazole solute, which is believed to form 
a 1 :  1 molecular complex with dibutyl ether. 

KEY WORDS: Nonelectrolytes, chemical potential, molecular complex. 

INTRODUCTION 

Preferential solvation and molecular complexation occur in many systems having 
biological and chemical significance. Calculation of meaningful solvation numbers 
and association constants is an important first step in understanding molecular 
interactions and solution nonideality. Interpretation of solution nonideality generally 
has followed two dissimilar lines: the “physical” approach originated by van Laar’ 
and the “chemical” approach proposed by Dolezalek.2 The physical approach may 
be described in terms of a random distribution of molecules throughout the entire 
solution while the chemical approach is characterized in terms of a specific geometric 
orientation of one molecule with respect to an adjacent molecule. Even in systems 
known to contain specific interactions, the need to properly account for nonspecific 
interactions has been recognized. Arnett et aL3 with their “pure base” calorimetric 
method for determining enthalpies of hydrogen bond formation attempted to separate 
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108 W. E. ACREE, JR. 

specific and nonspecific interactions. The sensitivity of the numerical results to the 
selection of “model” compound and inert solvent raised important doubts regarding 
the overall effectiveness of this particular m e t h ~ d . ~  Saluja ef al.’ used a somewhat 
similar rational in their comparison of enthalpies of transfer of alkanes and alkenes 
from the vapor state to methanol, dimethylformamide, benzene and cyclohexane, 
with the more exothermic values for the alkanes in methanol and dimethylformamide 
attributed to dipole-induced dipole interactions between the solvent and the polariz- 
able n-bond. Bertrand6 demonstrated that neglect of nonspecific interactions in the 
chloroform + triethylamine system can lead to an appreciable error in the enthalpy 
of complex formation determined with the Ideal Associated Solution (IAS) model. 
Fenby et al.’ presented a similar analysis of the diethyl ether + chloroform system. 
Smith and Hepler’ extended the IAS model to ternary triethylamine + chloro- 
form + cyclohexane mixtures and introduced two empirical “correctional” terms 
to account for triethyamine-cyclohexane and chloroform-cyclohexane nonspecific 
interactions. The correctional terms, which are calculable from measured binary data, 
have shown only limited success when used to predict excess enthalpies and excess 
volumes of ternary acetone + cyclohexane + c h l o r o f ~ r m ~ * ’ ~  and acetone + bromo- 
form + alkane mixtures.’ ‘ , l Z  Thermodynamic consequences of the IAS model have 
been presented in three recent  monograph^,'^-' several  article^'^-'^ and a reviewz4, 
along with discussions of applications to select nonelectrolyte systems. 

Many of the remaining methods for estimating complex formation constants can 
be classified as solubility methods. That is, the increase in solubility of a solute at 
constant fugacity in a complexing-inert solvent mixture, relative to the solubility in 
pure inert solvent, is generally attributed to the formation of molecular complexes. 
This primary assumption is common to several thermodynamic methods, such as the 
partition of solutes between two immiscible liquid phases, the measurement of infinite 
dilution gas-liquid chromatographic partition coefficients and the increased solubility 
of solids. The techniques for calculating formation constants are essentially identical 
for all solubility methods, as are the difficulties in properly assessing what portion 
of solubility enhancement is due to nonspecific interactions. 

Thermodynamic studies of very weak association complexes are particularly 
difficult as nonspecific interactions can contribute significantly to the overall solution 
nonideality. Furthermore, it is conceivable that the observed nonideal behavior might 
simply result from preferential solvation of the solute by one of the solvent compo- 
nents without the actual formation of a distinct, new chemical species. Often there 
is no definitive experimental evidence to prove the existence of molecular complexes 
in solution, and in such instances, the measured thermodynamic properties can be 
described equally well by one of the many associated solution m ~ d e l s ’ ~ - ’ ’ * ~ ~ * ~  1*25-30 

or semi-empirical local composition/preferential solvation models’ 3-1 5*30-’5 d erived 
during the past several years. 

For the most part, local composition models have evolved from the so-called 
hypothetical “two fluid treatment” or from empirical modifications of the Flory- 
Huggins model, as was the case with the Wilson e q ~ a t i o n . ’ ~  Recently, Ben-Naim” 
proposed a new definition and method of measuring nonelectrolyte solute preferential 
solvation in binary solvent mixtures by evaluating the Kirkwood-Buff 
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PREFERENTIAL SOLVATION IN BINARY MIXTURES 109 

The extent of preferential solvation is estimated from the variation of solute chemical 
potential as a function of binary solvent composition3' 

lim (dp5'iqlan,),,,~.,,,, = R W ,  + PB)2(G,, - G.4,)lyI (2)  

where pFq is the chemical potential of the solute (component S ) ;  X, ,  p, and n, refer 
to mole fraction, number density and number of moles of solvent component A ,  
respectively; and the difference G,, - GAS is a simple measure of the difference in 
the relative affinities of B towards S and A towards S .  Note that y~ is a calculable 
quantity through an inversion of the Kirkwood-Buff theory.40 Since y~ must always 
be positive, the sign of G,, - G,, will be dictated by the sign of the partial derivative. 
It is only in the very special case when G,, = G,, that there is no preferential 
solvation. N e ~ m a n ~ ~  and more recently discussed a similar 
approach for estimating preferential solvation around ionic solutes. 

Application of Eqs (1) and (2) has been limited to a large extent by the unavailability 
of experimental data determined at constant number of moles of solute. Through 
thermodynamic modeling though, it is possible to circumvent this problem by 
mathematically expressing variation of solute chemical potential as a function of 
composition. The resulting expression can be differentiated with respect to n,, holding 
T,  P ,  n, and n, constant. In this paper, I present a method for calculating 
preferential solvation around a nonelectrolyte solute molecule from measured satura- 
tion solubilities in binary solvent mixtures, using the Nearly Ideal Binary Solvent 
( NIBS)44-4 and Extended NIBS25-2x models as two possible mathematical re- 
presentations of solute chemical potential. The nature of solubility measurements 
preclude experimental determinations at constant n,. Previously published anthra- 
~ e n e , ~ ~  pyrene5' and carbazole26*2x solubilities in select binary alkane + dibutyl ether 
solvent mixtures are used to illustrate the method. 

P S ' O  

THE NIBS MATHEMATICAL REPRESENTATION OF SOLUTE 
CHEMICAL POTENTIAL 

The specific form of the basic NIBS model which has been most successful in 
describing the excess chemical potential of solutes is based on a simple mixing model 
of a multicomponent system: 

in which n, is the number of moles of component i, 4i is the volume fraction, pi is 
the pure component molar volume and A i j  is a binary interaction parameter that 
is independent of composition. Application of Eq. (3) to a ternary system containing 
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110 W. E. ACREE, JR.  

solute S and solvents A and B takes the form of 

obtained through the appropriate differentiation. 

potential at different compositions, the quantity 
evaluated 

Having a thermodynamic mixing model that accurately describes solute chemical 
can be easily 

+ ( V s V A / K o l n K 4 A 4 S A A S  + (1 - 4s)(4B + 4.JAA.7 

- 4 B A B S  - 4 B ( $ B  + 4 S ) A A B  + 4 A 4 B A A B I  ( 6 )  

and substituted back into Eqs (1) and (2). These mathematical manipulations yield 
the following expression 

which in the limit of ps -, 0 simplifies to 

where the superscript (0) denotes the initial binary solvent composition, calculated 
as if the solute were not present. Examination of Eqs (2) and (8) reveals that the 
preferential solvation around a solute molecule is governed by the solvent molar 
volume ratio, the three binary A i j  parameters and the binary solvent composition 
which appears as a difference in the last term in Eq. (8). Even in the very special case 
when the solvent components form an ideal solution (AAB = 0) and both solute- 
solvent A i j  interaction parameters are equal, preferential solvation would still result 
from solvent molecular size disparity. 
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PREFERENTIAL SOLVATION IN BINARY MIXTURES 1 1 1  

To date, the basic NIBS model has been extensively tested in regards to its ability 
to predict iodine, benzil, p-benzoquinone, biphenyl, benzoic acid, anthracene, pyrene 
and thianthrene solubilities in a wide range of binary organic solvent mixtures 
containing only nonspecific interactions. Past studies' 3,49--55 d ocument that pre- 
dicted values based on Eq. ( 5 )  differ from experimentally measured solubilities by 
less than +4% for many of the more than 120 systems studied. Any of this previously 
published data can be used to illustrate our calculational method for estimating 
preferential solvation from measured solute solubilities in binary solvent mixtures. 
After careful considerations, I decided to use a n t h r a ~ e n e ~ ~  and pyrene5' solubilities 
in binary isooctane + dibutyl ether and n-octane + dibutyl ether mixtures. Both 
solutes are fairly insoluble in these mixtures, and the observed maximum mole 
fraction solubilities of XyAlhra = 0.00361 and Xy$.ne = 0.0298 should be sufficiently 
small so as to correspond with the limiting p s  -, 0 condition used to derive Eqs (2) 
and (8). Furthermore, the three solvents are of comparable molecular size, and any 
preferential solvation must therefore arise from differences in the A i j  interaction 
parameters. 

Solubilities are thermodynamically related to the solute chemical potential and 
Eq. (5) as follows: 

= (1 - 4F')'Vs[4iA,4S + 4 i A B S  - r b i 4 i A A B l  (9) 

where the activity of the solid solute (aFIid), relative to the hypothetical subcooled 
liquid, is calculated from 

the molar heat of fusion at the normal melting point temperature (Tmp) and 
the differences between the molar heat capacities of the liquid and solid. If the solute 
solubility is sufficiently small so that ( 1  - @')' 2 1, then it  is mathematically possible 
to eliminate from Eq. (8) since the expression contains the difference of two 
solute-solvent interaction parameters, and a prior knowledge of AH:' is not required. 
Enthalpy of fusion data is readily available in the chemical literature for both 
anthracene and pyrene, and numerical values of = 0.0104949 and a"p":;':,,, = 
0.1 3 1 250 will be used in all calculations. 

Inspection of Eq. (9) reveals that for systems obeying this simple mixing model, 
both A,,  and A,, binary interaction parameters can be numerically determined from 
the appropriate binary reduction 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
0
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



112 W. E. ACREE, JR 

using measured solute solubilities in the two pure solvents as input parameters in 
Eqs (11) and (12). Furthermore, the A,, parameter can be calculated from liquid- 
vapor equilibria data, or from published excess Gibbs free energies relative to  either 
Raoult's Law (A@:,) or the Flory-Huggins definition of solution ideality (AGah,) 

AGYB = AGY, + RT[ln(Xi V,  + X i  v,) - X i  In v, - X i  In V B ]  (13) 

(14) AGfh - - ( X i  V A  + xi V B ) $ ? $ i A A B  

or can be estimated via the Scatchard-Hildebrand solubility parameter theorys6 
AGfh - 

A B  - V,4 f xi V B ) $ i $ i ( s A  - 6B)2 

+ RT[ln(Xi VA + X i  V,) - X :  In VA - X; In v B ]  (15) 

where d i  refers to the solubility parameter of component i .  Unfortunately, excess 
Gibbs free energies of binary isooctane + dibutyl ether and n-octane + dibutyl ether 
could not be found in the chemical literature, and thus numerical values of the two 
A, ,  parameters are based on the Scatchard-Hildebrand solubility parameter theory, 

Table 1 Calculated solute-solvent and solvent-solvent 
binary A i j  interaction parameters. 

~- ~ 

Component (1)-Component ( J )  A,, ( ta l  ~ r n - ~ )  

n-Octane- Anthracene 
Isooctane-- An t hracene 
Dibutyl Ether-Anthracene 
n-Octane-Pyrene 
Isooctane-Pyrene 
Dibutyl Ether-Pyrene 
n-Octane-Carbazole 
Isooctane-Carbazole 
Dibutyl Ether-Carbazole 
Dibutyl Ether-Carbazole 
n-Octane-Dibutyl Ether 
Isooctane-Dibutyl Ether 

6.92 I 
9.064 
4.272 
8.163 

10.558 
5.620 

15.241 
17.03 I 
12.532 ( K $ ,  = 25)" 
13.200 ( K $ ,  = 30)b 
0.048 
0.810 

' For n-octane cosolvent. 
For isooctane cosolvent. 

Table 2 
used in calculations. 

Solute and solvent pure component properties 

n-Octane 163.46 7.54 
lsooctane 166.09 6.86 
Dibutyl Ether 170.41 1.76 
Anthracene 150.00 = 0.01049) 
Pyrene 166.50 (a;"d = 0.1 3 12) 
Carbazole 150.00 (@''Id = 0.009354)b 

A Values taken from literature tabulat i~ns.~~~' ' l  
bBased on calorimetric data determined by Radomska and 

Radornski.hz 
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PREFERENTIAL SOLVATION IN BINARY MIXTURES 113 

as was also the case in the earlier NIBS solubility corn par is on^.^^*^^ Calculated Aij  
parameters and pure solute/solvent properties are listed in Tables 1 and 2, respec- 
tively. 

Figures 1 and 2 graphically depict calculated values of ( p a  + pB)’RT(GBs - GAS)/v  
versus X :  for both anthracene and pyrene dissolved in binary n-octane + dibutyl 
ether and isooctane + dibutyl ether solvent mixtures. The “extent” of preferential 
solvation, as measured by the quantity of R T ( p ,  + pB)*RT(GBS - G,,)/q, shows very 
little dependence on solvent composition in the case of the two n-octane + dibutyl 

5 0 0  

4 0 0  

3 0 0  

2 0 0  

0 100 I I I I ’  

0.5 1 .o 

Figure 1 
pyrene (0) dissolved in binary n-octane ( A )  + dibutyl ether (B) mixtures. 

Variation of ( p R  + pE)’RT(GE, - GRs) /q  with solvent composition for anthracene (0 )  and 
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Figure 2 
pyrene (0) dissolved in binary isooctane (A) + dibutyl ether (B) mixtures. 

Variation of (pA + p$RT(G,, - GAS)/q with solvent composition for anthracene (0)  and 
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PREFERENTIAL SOLVATION IN BINARY MIXTURES 115 

ether systems. The average molar volume of the solvent is essentially constant (ie., 
X :  PA + X i V ,  = constant) because the two pure solvents are of comparable mo- 
lecular size, and the contributions from the (4: - dE)AAB term are not sufficient to 
cause significant deviations from the horizontal straight line. Calculated values for 
the two issooctane + dibutyl ether systems show a strong solvent dependence arising 
from the much larger estimated binary solvent nonideality. Remember the A,, binary 
interaction parameter was estimated via Eq. (15), and the solubility parameters of 
the two pure solvents differ by 0.90 cal'I2 cm-3'2. 

THE EXTENDED NIBS MATHEMATICAL REPRESENTATION OF 
SOLUTE CHEMICAL POTENTIAL 

The generalized NIBS mixing model also provides the starting point for the Extended 
NIBS treatment, but now the four summations in the AGmiX expression extend over 
all chemical species believed to be present in the associated solution. Application of 
Eq. (3) to a quarternary solution ( A ,  B, S and BS)  would take the form 

~i + ~i * BS ~b = $ , , / ( $ B , $ s , )  

A G ~ ' X  = RTCA, In $ A  + A,, In $,, + A,, In + A,, In $B,] 

+ ( A ,  v A  + 
f $ A $ B S A A B S  + ~ B I $ S ~ ~ B I S I  + $ B I $ B S ~ B I B S  + $ S l $ B S A S ~ B S l  

v B  + fisI vs, + p d $ A 6 B , A A B I  + 4 A $ s I ~ A s I  

(16) 

where the carets ( A ) denote the "true" compositions in the associated solution. Six 
A i j  terms are now needed to describe the nonspecific physical interactions. Through 
mathematical manipulations and clever approximation of the A,,,: and A,,,, 
parameters, Acree et showed that the solute chemical potential could be 
expressed in terms of 

p:' = /.LSliq + RT In[+A/[I + vsK$&,/(v,  + VB)]] + i 
+ - 4 S ) A A S ~  + 4 B ( l  - @ S ) A B ~ S ~  - 4 A + B A A B ~ I  (17) 

of the stoichiometric compositions, volume fraction based K i ,  association constant 
and only three binary interaction parameters. These latter four quantities are again 
calculable either from25*26 

In q5yt = 4: In(b?'), + 4: In(@), + ln[i + P,Ki,&/(PB + Vs)] 

In[a~'id/(@'),] + ln[l + vsKis/(vB + ps)] - 1 + z vsABISI (19) 
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116 W. E. ACREE, JR. 

the measured solubilities of a sparingly soluble solute in the two pure solvents [(+:‘), 
and ( 4 3 J  and binary solvent mixtures, or from experimental AGYB data (see Eqs 
(13) and (14)). For the noncomplexing solvent, AAsI is calculated via Eq. (11). The 
computational method for obtaining the “best” K i S  value is discussed in detail 
elsewhere.z6 

The Extended NIBS model provides a convenient mathematical representation for 
the compositional dependence of solute chemical potential in systems containing 
solute-solvent complexation. Differentiation of solute chemical potential with respect 
to n A ,  followed by suitable algebraic rearrangements, gives the following expression 

as the solute concentration goes to zero. Equation (20) differs from its NIBS 
counterpart by only the first term. In the absence of solute-solvent complexation 
( K i S  = 0), Eqs (8) and (20) are identical. Readers should be aware that a number of 
alternative expressions can be derived by mathematically representing solute chemical 
potential in terms of different solution models. The solution models used, however, 
should be based on the Flory-Huggins definition of solution ideality, otherwise 
the -RTV?/T/,,,, term in Eq. (1) will not properly cancel and the resulting 
l imps~O(d~~”q/dXA)T,P,na,ns derivative will be infinite at X g  = 0. To use Raoult’s law 
and mole fraction based association constants, one will need to empirically modify 
Eq. (1) by replacing RT~, , /T/ , , , ,  with R T / ( n ,  + nB + ns). 

Our past solubility studies have focussed primarily on nonelectrolyte solutes 
dissolved in systems of nonspecific interactions. It was only recently with the 
development of the Extended NIBS2s-28 and Competitive Associated NIBSz9 models 
that we began to systematically examine the effect of the inert hydrocarbon cosolvent 
on solute-solvent association parameters calculated from measured solute solubilities. 
To date, the only complexing systems studied have been carbazole dissolved in ten 
alkane + dibutyl etherz6.z8.s8 and four chloroalkane + dibutyl mixtures, 
and pyrene dissolved in six alkane + 1,4-di~hlorobutane~~ binary solvent systems. 
McCargar and Acreez6vz8 documented that Eq. (1 8) described the experimental 
carbazole solubilities in binary alkane + dibutyl ether mixtures to within an average 
absolute deviation of 2% using a single carbazole-dibutyl ether association constant, 
which varied from Kfs = 22 for n-heptane to K i s  = 30 for isooctane cosolvent. 

Figure 3 graphically depicts variation of ( p A  + p B ) 2 R T ( G B ,  - GAS)/y with X i  for 
carbazole dissolved in mixtures containing dibutyl ether plus n-octane and isooctane. 
Careful examination reveals that differences in the calculated values are more 
pronounced at compositions near the pure saturated hydrocarbon cosolvent. Only 
a small quantity of dibutyl ether is needed to completely surround the nonelectrolyte 
solute molecule dissolved at infinite dilution. The “extent” of preferential solvation 
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Figure 3 V a r i a d n  of (pa + ps)’RT(G,,  - G,,,)/q with solvent composition for carbazole dissolved in 
binary solvent mixtures containing dibutyl ether plus n-octane (0 )  and isooctane (0). Equilibrium 
constants used in the calculations were K t ,  = 25 for n-octane and K i s  = 30 for isooctane cosolvent. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
0
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



118 W. E. ACREE, JR. 

sharply drops off as XE increases and then levels out to a relatively constant value, 
which would be expected when the complexing solvent composition begins to exceed 
that of the inert hydrocarbon cosolvent. The dramatic dissimilarities noted in Figures 
1-3 suggest that this type of treatment can provide valuable quantitative information 
regarding solute-solvent interactions in solution. Simulated calculations using differ- 
ent K$s values indicate that it will be fairly easy to identify systems containing strong 
solute-solvent interactions as significant nonlinear behavior will be noted in the 
corresponding (pA + pB)’RT(GBs - GAs)/v versus X i  plots. It will be extremely 
difficult, however, to identify very weak molecular complexes since the plots become 
more linear when K i S  approaches zero. In closing, readers are reminded that through 
thermodynamic modeling it is possible to evaluate the “extent” of preferential 
solvation from measured solute solubilities in binary solvent mixtures. The methodo- 
logy developed as part of the present study can be applied to a large number of 
nonelectrolyte solutes, experimental partition coefficient and chromatographic reten- 
tion data, and different mathematical representations of solute chemical potential. 
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