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SPECTROCHEMICAL INVESTIGATIONS OF
PREFERENTIAL SOLVATION: 4. DETERMINATION
OF LOCAL COMPOSITION FROM OBSERVED
PROBE ABSORPTION/EMISSION WAVELENGTH
SHIFTS IN BINARY SOLVENT MIXTURES

WILLIAM E. ACREE, JR..* and JOYCE R. POWELL

Department of Chemistry, University of North Texas, Denton,
Texas, 76203-0068 (USA)

( Received 3 February 1995 )

Spectroscopic probe methods have been used in recent years to determine the local solvent composition
around the dissolved solute probe. The basic method assumes that the reciprocal of the absorption
wavelength, iuhs, is

U Aaps = YV 41/ ) g + YV {1/ 450

a weighted local mole fraction composition (Y, and Y,) average of values measured in the two pure
solvents (1/4,,,), and (1/4,,.)5 Though used in numerous probe studies, the additive relationship has
been derived only in the special case involving noncomplexing binary solvent systems. Derivations are
presented for obtaining the simple additive relationship from the Ideal Associated Solution model, the
Kretschmer-Wiebe self-association model, the Mecke-Kempter self-association model and Mobile Order
theory.

KEY WORDS AND PHRASES: Spectroscopic probe methods, hydrogen bonding, self-association.

INTRODUCTION

Mixed solvents are encountered in numerous chemical, pharmaceutical and engineer-
ing applications involving separations, extractions, solubilizations, organic chemical
synthesis, reaction rate and mechanistic studies, and in hydrometallurgical processes.
Often, mixed solvents are the default medium from nature as is the case with crude oil
samples. Over the past 50 years considerable attention has been devoted to measuring
physical and thermodynamic properties of multicomponent liquid mixtures, to estab-
lishment of data bases for easy retrieval of mixture properties, and to development of
theoretical solution models to enable prediction of unknown multicomponent proper-
ties from readily available pure component and published binary data.

Interpretation of solution nonideality generally has followed two dissimilar lines:
the “physical” approach originated by van Laar' and the “chemical” approach

* To whom correspondence should be addressed.
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proposed by Dolezalek.? The physical approach may be described in terms of a
random distribution of molecules throughout the entire solution while the chemical
approach 1s characterized by a specific geometric orientation of one molecule with
respect to an adjacent molecule. Even in systems known to contain specific interac-
tions, the need to properly account for nonspecific interactions has been recognized.
Arnett et al.® with their “pure base” calorimetric method for determining enthalpies of
hydrogen bond formation attempted to separate 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 par-
ticular method.* Saluja et al.® used a somewhat similar rationale 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 alkenes in methanol and dimethylformamide attributed to dipole-induced dipole
interactions between the solvent and the polarizable n-cloud. Bertrand® 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 4 chloroform system. Smith and Hepler® extended the IAS model to
ternary triethylamine + chloroform + cyclohexane mixtures and introduced two
empirical “correctional” terms to account for triethylamine-cyclohexane and chloro-
form-cyclohexane nonspecific interactions. The correctional terms, which are calculable
from measured binary data, have shown only limited success when used to predicted
excess enthalpies and excess volumes of ternary acetone + cyclohexane 4+ chloroform®!?
and acetone + bromoform + alkane mixtures.!’'? Thermodynamic consequences of the
IAS model have been presented in three monographs,'® ~!> several articles!® 23 and a
review,”* along with discussions of applications to select nonelectrolyte systems.

Thermodynamic studies of very weak association complexes are particularly difficult
as nonspecific interactions can contribute significantly to the overall solution nonideal-
ity. Furthermore, it is conceivable that the observed nonideal behavior might simply
result from preferential solvation of the solute by one of the solvent components with-
out the formation of a distinct new chemical species. Often there is no definitive experi-
mental evidence to prove the existence of molecular complexes in solution, and in such
cases, the measured thermodynamic properties can be described equally well by one of
the many associated solution models!®~15:20:21:25730 o semiempirical local composi-
tion/preferential solvation models'? ™ '*-3°~ 35 derived during the past several years.

Spectroscopic probe techniques provide a convenient experimental means to
study preferential solvation, which can be used to support (and perhaps to discredit)
interpretations derived from calorimetric and other thermodynamic data. Preferen-
tial solvation arises whenever the proportion of molecules of any given solvent
component within the probe’s solvational microsphere is not equal to the bulk mole
fraction composition. Although not always stated explicitly, must published spectro-
scopic probe techniques®**°~4? assume an idealized situation where solvent-solvent
interactions are neglected and the measured spectral response, R, in a binary solvent
mixture is given by

R=Y Ri+(1—Y )R} (1)
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a weighted local mole/volume fraction average of the probe’s spectral responses in
the two pure solvents, R and R}, Initial studies treated Eqn. (1) more or less as an
intuitive relationship of assumed mathematical form. Few attempts have been made
in very recent years to rigorously derive this simple linear relationship.
Skwierczynski and Connors*® claimed to have derived Eqn. (1) (with R=1/2,,)
from a competitive two-step solvational exchange model

RA, +B=RAB+ A K, =Xp, 1 X,/ (X;14 X5
RAB+B=RB,+ A K, =Xy X, /(X .y Xs)

in which each step is described by a thermodynamic equilibrium constant. Careful
examination** of the authors’ approach revealed that the derivation violated the
Beer-Lambert law in regards to absorption additivity in solutions containing
multiple light-absorbing solvational chromophores (RA,, RB, and RAB).

Acree and coworkers**+*® offered a completely different derivation based upon
expressing the chromophore’s ground-state and excited-state energies in terms of
expressions derived from the Nearly Ideal Binary Solvent (NIBS) model.*® 4% The
solvational sphere was treated as a pseudo binary solvent mixture of composition Y,

and 1-Y,, and the chromophore’s energies were written as

EGS = YO EGS, +(1 - Y$)ES, — AETS (al YS9) 2)
EES = YESEE, 4 (1 — YEEE, — AET (at Y59 3)

weighted mole fraction averages of energies in the two pure solvents minus the
energy needed to create the “solvent cavity” wherein the chromophore resides. The
change in the energy corresponding to the ground state — excited state transition:

Chromo (atY 4%) + hv,, . — Chromo* (at Y ¢%)

AE = VPR~ ER)+ 1= Y9) (B~ ER) @

trans
Chromo (atY$¥) + hv,, . — Chromo* (at Y £5)

AE = YESEES, Y EGS, +(1- YIS ELS, (1 YS9 £,

trans
—AET; (at YO+ AET (at YE) (5)

depends upon whether a change in the solvational sphere composition occurs during
the excitation process. The latter transition was excluded on the argument that an
electronic transition is rapid compared to nuclear motion (Frank-Condon principle).
Solvent molecules contain several atoms/nuclei which are “fixed” in space with
chemical bonds. Molecular diffusion, viewed as movement of several nuclei, should
be much slower than an electronic transition. Since absorption wavelength is
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inversely proportional to |E £ — E ¢35, Eqn. (4) predicts that
l/iabs = Y{C;S(l //labs)A + (1 - Ygs)(l /;{'abs)B (6)

reciprocals of the absorption wavelength, 1/4,,., are additive on a preferential
solvation basis.

Readers are reminded that this latter derivation used the NIBS model, and is thus
restricted to solvent mixtures which contain only nonspecific physical interactions.
Specific interactions are excluded from the basic NIBS model. In the present study
we extend our earlier discussions***> to include the more complex solvent systems
which involve either heterogeneous solvent-solvent complexation (4;B)) or a self-
associating solvent component. Solution models considered include the Kretschmer-
Wiebe self-association model, the Mecke-Kempter self-association model, the Ideal
Association Solution (IAS) model with nonspecific interactions added, and Mobile
order theory.

DERIVATION BASED UPON THE KRETSCHMER-WIEBE
SELF-ASSOCIATION MODEL

For years one of the more challenging problems facing researchers in the field of
solution thermodynamics has been the prediction of phase equilibria in hydrogen
bonding systems containing a self-associating alcohol cosolvent. Much of the earlier
research concerning mixtures containing alcohols, as summarized by Pimentel and
McClellan,*® treated hydrogen bonding as a stepwise polymerization process result-
ing in a continuum of species. Thus, at low alcohol concentrations dimers would be
the predominant polymeric species, with larger polymer chains becoming more
significant with increasing alcohol concentration. Van Ness er al.’® compared
infrared data with heat of mixing data for ethanol + n-heptane and ethanol + methyl-
benzene, and concluded that the results were best explained by a model containing
monomers, cyclic dimers and linear polymers having 20 or more units per chain.
Tucker and Christian®! noted that the simplest model (1-3-oc) that can adequately
describe the vapor pressure data for ethanol + n-hexadecane systems contained two
equilibrium constants, one for trimer formation and the other for the sequential
addition of the monomer. Other studies have indicated that a simple polymer of
definite size may dominate. Fletcher and Heller®?-%? explained the infrared data of
1-octanol in n-decane {from dilute solutions to the pure alcohol) in terms of a
monomer-tetramer self-association model. Dixon®* also found that the monomer-
tetramer model gave the best correlations for his proton magnetic resonance data on
the hydroxyl shift for methanol dissolved in cyclohexane. Anderson et al.’-3°
explained the vapor pressures of several linear and branched alcohols in 2,2, 4-
trimethylpentane with a monomer-pentamer model.

The excess Gibbs free energy AGY,, for a ternary solution containing an inert
chromophore (component R), a saturated hydrocarbon (component B) and alcohol
cosolvents is described by the sum of two separate contributions, one contribution
representing the chemical interactions and the other representing physical
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interactions:

AG?AB = (AG‘}J&B)chem +(AG§xAls)phys (7

This separation is an artificial one because there is no sharp dividing line between
interactions that may be regarded as strictly physical in origin and those that may
be regarded as purely chemical in nature. Nevertheless, the distinction between the
two contributions is useful if one of the contributions is much smaller than the other.

The chemical contribution is based upon the Kretschmer-Wiebe association
model®’ ~%? that basically assumes the alcohol forms continuous hydrogen-bonded

polymers, 4,,4,, 45, ..., A4;,... by successive chemical reactions:
A+A, =4,

described by a single isodemic equilibrium constant of the form

J)A i
K, =| =" : .
|:(d"4, (/)A,)] |:(l + l)] (8)

with the volume fraction of the i-mer calculated using the molar volume of the
monomer multiplied by i. The overscript (~) used in this and subsequent sections
denotes values for the “true” associated solution. An isodemic equilibrium constant
is defined as having identical numerical values for each consecutive, stepwise
association.

The overall stiochiometric volume fraction of the alcohol (¢ ,) is the sum of the
volume fractions of each individual alcohol species:

e N I > & N i N N
(pA: Z ‘/)A,: <E‘> Z i(KA(Z)AI)l:(/)Al(l _KA¢A1)_2 9)
i=1 4/ i=1

It should be noted that |KA(]5A‘| < 1 for the infinite series to converge. The volume
fraction of the alcohol monomer in the ternary solution is

o [QK .+ 1) —(1+4K,4,0"]
P4 = K3 h,) (10)

obtained by solving Eqn. (9).
The chemical part of the Gibbs free energy is based upon the Flory-Huggins
athermal model and may be written as

=RT[Agndg+ Y Ay Ind, +hzlndy] (11)

i=1

(AGg 1)

chem

The respective chemical potentials relative to the pure or hypothetical liquid
components, x?, are obtained through differentiation with respect to the number of
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moles of each chemical species:

(Ag — 1y 7 < Vr )
YRR Ingp+1—( = (12)
RT K Vsoln
(Aa,— 1) . ( Vi )
AL _Ing, +1—( (13)
RT ! Voot
(Ag — 13) 2 ( VB>
=ln¢z+1—|= (14)
RT g Vsuln

where V.

soln

is the true molar volume of the ternary solution

4
e (1§ i O
Bz +<KA V)E (Raba)+y,
—(—f’—"+ b, P (15)

and for the pure alcohol

1 %
= 16
Vrn VAl — K% (19

As shown in many thermodynamic textbooks (e.g., Prigogine and Defay,*'
Acree,!? Prausnitz et al.'®), the chemical potential of stoichiometric component 4 is
equal to the chemical potential of the monomeric (uncomplexed) species in solution

Ay, =ty (17)

To obtain the customary mixing properties, pure substance 4 must be taken as the

new reference state
(g = 1) (B0 _(Va) (Ve (18)
RT (l),ﬁ, V.;oln V:Sln

Combining Eqns. (11)-(18), one obtains the following expression for (AGy ,p)

chem

(AGg 4p)chem = RT{”R Ingg+n,ln <%> +n,K, ((/T’A. - d;j,) +ngln (/)B} (19)
Ay
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The simplest equation that might be expected to adequately describe the physical

contributions to the excess Gibbs free energy (AGE, ). .. 18

A -1 A
(AG Ry p)pnys = <ﬁR Ve + Z g Vy+ g VB> X |: Z g Veiig Vy Aga,

i=1 i=1

+hg Vg Vg Agp + Z Ay Vy ﬂA, Va, ABA,:' (20)

i=1

in which the A;; terms represent binary interaction parameters. Obviously, Eqn. (20)
contains far too many parameters for useful applications, but reasonable
assumptions enable the number of parameters to be greatly reduced. Treatment of
the A,, and A4,, interaction parameters in a manner similar to that employed by
Bertrand® for the chloroform-triethylamine complex leads to

A,\,A‘:((i’,\,—()'fm)2 where K=R,B (21)

! V, o +V, d i, + .

O:l 1= 2,04, % Va, O, = l(/?i O, =()/A (22)
Vi, +Vy) (i+1) '

Ags = Agq, where K=R.B (23)

where d/ is the modified solubility parameter of component i. The modified solubi-
lity parameters account for only nonspecific interactions, and in the case of the
alcoholic cosolvents the hydrogen-bonding contributions have been removed.
Combination of Eqns. (20)-(23) enables (AG %Y, ) 1., t0 be expressed as

phys

(AGypphys =g Vi + 1, V) + 1 Vg ! [ng Ven V, ARA1 +ng Ve ng Vg Ay

+ngVpn,V, ABAI] (24)

phys

in terms of three binary interactional parameters. Substitution of Eqns. (19) and (24)
into Eqn.(7) yields the following expression for the total Gibbs free energy of the
ternary system (per stoichiometric mole of solution):

AGRA,,)~RT{xR1n¢R+\A1n(¢A'>+‘<A (P — % +r,,1n¢3}
A\
F g Ve +n,Vy + g Vo) " Ixg Ve iy Vi Apy + Xg Ve g Vg Ay
+xpVenaV, ABA,] (23)

An expression for the excess molar enthalpy of mixing is obtained by differenti-
ating the Gibbs free energy of mixing with respect to temperature

AH Gy = —hy KAxA(qul - (/;j.) Hng Ve + gV +ng V) Vg Veng V4 Ega,
+ X Veng Vg Egp+ Xy Vpn ViEy, ] (26)
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in accordance with standard thermodynamic principles. In the above expression h,
denotes the standard molar enthalpy of hydrogen bond formation and E; = d(4;;/
T)/8(1/T). Enthalpies and energies are used interchangeably in the present dis-
cussion since the Kretschmer-Wiebe association model assumes a negligible volume
change upon mixing. Inherent in this particular treatment is the additional assump-
tion that volume fraction compositions are independent of temperature. This latter
approximation is consistent with both the lattice model used in the original develop-
ment of the Kretschmer-Wiebe model, and with the NIBS weighting factor require-
ment, i.e, I'; #(T, P).

Spectral transitions are related to differences in the chromophore’s electronic
energy levels, which in turn are affected by molecular interactions between the
dissolved chromophore and surrounding solvent molecules. To a first approxi-
mation, the absorption and/or emission wavelength shifts observed in the various
solvent mixtures result from differences in the solvational-energies associated with
either the ground electronic state, first electronic excited state, or both. Solvational
effects in binary alcohol + hydrocarbon mixtures can be easily modeled in terms of
the Kretschmer-Wiebe self-association model. The chromophore’s energy in the
ground and excited states, ESS and E£®, are approximated by the chromophore’s
enthalpy of solution

dhGs
E(R;SZH(RiS: _hAKAnA<anAl>+VR [qbg l_d)R)ERAn
R

+¢ 1_¢R EIG{}SJ d’ﬁs(ﬁ(ﬂ;SEBAl] (27)
ES ES 6Aﬁf ES ES
Ex~Hg = —h,K,n, on + Ve [¢4 (1 —dp) EL,
R
+ 51— PR ERy— 0% 95 Epy ] (28)

in a binary solvent mixture having a composition identical to that of the solvational
sphere. Superscripts GS and ES refer to the chromophore in its ground and first
electronic excited states, respectively. Readers should note that EG5 and E5 are
not necessarily equal as the chromophore does have different dlpole moments in
both the ground and excited state. The same is true for the binary interaction
parameters involving the chromophore and solvent component B, i.e, E §3 # E &3,
The first term in Eqns. (27) and (28) has not been differentiated explicitly since it
contains only quantities associated with the alcohol cosolvent. Careful examination
of both equations reveals that if the solvent composition remains constant during
the absorption process (Frank-Condon Principle, $§° = $"5), then the first terms are
identical. Under normal experimental conditions, the concentration of the chromo-
phore (or fluorophore in the case of fluorescence) is extremely small and the limiting
condition of infinite dilution, ¢, x~ 0, applies. Recalling that the energy difference
|EES — EGS| is inversely proportional to the reciprocal of the absorption wavelength,
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combination of Eqns. (27) and (28) yields
AElmns = d) ﬁh (E;(SA - EZSA) + (/) gs(EﬁSB - E;bB) (29)

1/ 2 = d)(/{s( 1/ Ao + ‘f)([;'s(l [ Aanedi (30)
the simple additive relationship derived previously by Acree and coworkers**** for
systems containing only nonspecific interactions. Here, the generalized weighted
mole fraction Y9 [see Eqn. (6)] is volume fraction because all NIBS weighting
factors were approximated by molar volumes. Emission processes can be modeled in
similar fashion, except that the transition begins with the solute probe in the excited
state, and the fluorescent photon is emitted when the molecule returns to its ground
electronic state. In the case of fluorescence spectroscopy, calculated Y, and Y,
concentrations [See Eqn. (6)] may correspond to the preferential solvation around
the excited fluorophore. There is sufficient time during the excited state lifetime for
redistribution of solvent molecules.

DERIVATION BASED UPON THE MECKE-KEMPTER
SELF-ASSOCIATION MODEL

Although the Kretschmer-Wiebe model is one of the most popular solution models
for interpreting the thermodynamic properties of alcohol +hydrocarbon mixtures, it
is by no means the only self-association model. Equally popular is the Mecke-
Kempter model.®2®* which describes formation of hydrogen-bonded polymers

A+ A=A,

with an i1sodesmic equilibrium constant

expressed in terms of volume fractions rather than molar concentrations
(moles/liter). To conserve space, we will limit our discussion to the (AH ) ..., term
and simply assume the same mathematical form for the nonspecific physical interac-

tions as before.
The chemical part of the total excess enthalpy represents a change in the number of
individual alcohol species (i-mers) between the ternary solution and the pure alcohol
(AHE, ) =h —n h¥ ... (32)

chem chem

where the total enthalpy of the alcohol complexes is

2 s B *1 R )
Bepem = N4 Z (i— l)ﬁA,-: h, Z [(, ; ):|'?A,(KA¢AI)’AI

i=1 i=1
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hoa, &[G-1 . .
- i L [(’—T)}(Km,y(l +Kid) (33)
a) i=

Combination of Eqns. (32) and (33) gives

In(1+K, ¢, In(l +KA)} (34)

(AHE ) cpem = — han {
RAB/ch AT A (KAd)A) KA

for the chemical contribution to the excess enthalpy. The chromophore’s enthalpy of
solution is

«{ln(l + KAch)}
0 K. o
Hp=—hyn, 0:11 4 +VR[¢A(1_¢R)ERA]
R
+ ¢p(l —PR)Ery—PaPpEpy ] (35)

obtained by differentiating Eqn. (34) with respect to ng, and then adding the contri-
butions from nonspecific interactions.

The chemical term has not been explicitly differentiated since it makes an identical
contribution to the chromophore’s ground and excited state solvational enthalpies/
energies. The Frank-Condon Principle requires that the solvational sphere composi-
tion remain constant during the spectral transition. Of the four terms in Eqn. (35),
only V¢ (1 — dp) Eg,, and Vidp(l — ¢g) Egyy contribute to the transition energy

AE e = DS (ER — ER%) + ¢35 (ERp — ERD) (36)

Again the simple additive relationship is derived, showing that the reciprocal of
the probe’s absorption wavelength observed in a binary alkane + alcohol solvent
mixture is a volume fraction average of values determined in the two pure solvents.

It should be noted that the inert hydrocarbon solvent can be replaced with a
second self-associating solvent, and the derivation remains essentially unchanged.
A second chemical contributional term is added to Eqns. (34) and (35);°*¢5 however,
the additional term makes absolutely no contribution to AE, .. The self-associating
solvent need not be a monofunctional alcohol. A similar association model.®® with a
mole fraction based isodesmic equilibrium constant [ie, K, =X, /(X, X,)] has
been used successfully to mathematically reproduce vapor-liquid equilibria of binary
mixtures containing simple aliphatic amines in saturated hydrocarbons over the
entire mole fraction range. Three other studies®” ~®® assumed the Kretschmer-Wiebe
model to describe the self-association behavior of binary aniline + hydrocarbon and
aliphatic amine + hydrocarbon mixtures. Heterogeneous complex formation
between two self-associating alcohol cosolvents can be incorporated into both the
Kretschmer-Wiebe and Mecke-Kempter models using empirically deduced mixing
rules for how the self-association equilibrium constant varies with binary solvent
composition.”®7! At fixed solvent composition, the numerical value of Kie, = is
constant and Eqn. (36) is again derived.
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DERIVATION BASED UPON MOBILE ORDER THEORY
Ruelle, Huyskens and coworkers”® ™77 recently suggested an alternative thermo-
dynamic treatment for complexing systems which is based upon the theory of
mobile order in fluid solution. It 1s assumed that all molecular groups perpetually move,
and that neighbors of a given external atom in a molecule constantly change identity.
All molecules of a given kind dispose of the same volume, equal to the total volume, ¥,
of the liquid divided by the number, N, of molecules of the same kind, ie., Dom
A=V/N, The center of this domain perpetually moves. Highest mobile disorder is
achieved whenever groups visit all parts of their domain without preference. Preferential
contacts lead to deviations with respect to this “random” visiting. This is especially
true in the case of hydrogen bonding as specific interactions result in a specific
orientation of the “donor” molecule with respect to an adjacent “acceptor” molecule.
The Gibbs free energy of mixing for a ternary solution containing an inert
chromophore (component R), a monofunctional alcoho! (component A) and a
saturated hydrocarbon (component B) is separated into three contributions:

AG;TB:(AGRAB)CUM +(AGRAB) +(AGRAB) (37)

chem phys
The first term describes the configurational entropy based upon the Huyskens and

Haulait-Pirson’® definition of solution ideality
(AGgpleont = (0.5)RT[nglngpp +n,Ine , + nglngz + nglnxg +n dnx, + nglnxg](38)

whereas the latter two terms in Eqn. (37) result from formation of hydrogen-bonded
complexes and weak, nonspecific physical interactions in the ternary solution,
respectively.

The chemical contribution depends upon the functional groups present and the
characteristics of the self-associating component. Monofunctional alcohols have one
hydrogen “donor” site and the lone electron pairs on the oxygen atom provide two
“acceptor” sites. The maximum possible number of hydrogen bonds is determined
by the number of sites that are in the minority. According to Mobile Order
theory,”® the hydrogen-bonding contribution is given by

(AG g 4n) (39

chem

:”ART]n[ 1 +(K,/V,) :|

I+ (K du/Vs)

where K, refers to the stability (equilibrium) constant of the hydrogen bond.
Physical effects are expressed in terms of the NIBS model developed by Bertrand
and coworkers*® ™48

(AGFyp) =gl g +n,0 + ’7nr3)71 [nglgn U Ag, +nglgnglyAgy

phys

+n U nglpA ] (40)
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where T'; is the weighting factor for component i and A;; is a binary interaction
parameter that is independent of composition. Equation (40) is a little more general-
ized form of the nonspecific physical contribution description used in the derivations
involving the Kretschmer-Wiebe and Mecke-Kempter self-association models. The
NIBS model has been shown to provide accurate predictions for biphenyl, naphtha-
lene, iodine, p-dibromobenzene, benzil, p-benzoquinone, thianthrene, anthracene,
pyrene and carbazole solubilities in systems containing only nonspecific interactions
when all three weighting factors are approximated with molar volumes.'>”® The
precise applicability of Eqn.(40) to Gibbs free energy and its temperature and
pressure derivatives requires that weighting factors be independent of both
variables.*” Therefore, molar volumes and other experimentally determined weight-
ing factors must be regarded as approximations of these “true” weighting factors,
and for application to conditions of varying temperature and/or pressure, they
should be referred to a specific condition, such as 298.15K and latm, or to an
extrapolated state, such as “close-packed” volume. For purposes of this discussion,
all weighting factors will be approximated with molar volumes.
Combining Eqns. (37)-(40) the Gibbs free energy of mixing is written as

(AGRx)= (0.5 RT[nglngg +ndng  + ngingg+ nplnx, +n,lnx,

1 +(K,/V,
~I—nBlan]+nARTln[ KV

= gV + 0,V + ngVy)
1+(KA¢A/VA):| R"R 474 B" B

[or s Ara+ Ordsp Arg + abs A4pl (41)

Standard thermodynamic principles relate the excess enthalpy and Gibbs free
energy

AH,y _O(AGRE)RT
R &(1/T)

(42)

Assuming that molar volumes of the pure components are independent of tempera-
ture (and I',  [',(T) in the case of the generalized NIBS equation (40)), differenti-
ation of Eqn. (41) with respect to I/ T and then ny gives the following expressions
for the excess enthalpy of mixing

ex _ KV, B (P K4/ V)
AHG g = /14411,4|:1 (K V) 1 +(¢AKA/VA):|

+ gV + 0,V +ngVy) [ords Exa + Oty Erg+ G405 E 5] (43)
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and for the chromophore’s enthalpy of solution

¢|: P KV, ]
N+ @KV

Cng

Hy=hun,c

+ Vel (1 - (/)R)ERAl + ¢l — PR Egy— d)A(/)BEBA,] (44)

respectively, where E;;=c(A,;/T)/¢(1/T) and h, is the standard enthalpy of forma-
tion of a hydrogen bond.

Of the four terms in Eqn.(44), only Vi¢ (1 —dg)Eg,, and Vidp(l — dp)Egp
contribute to the transition energy

Again the simple additive relationship is derived, showing that the reciprocal of the
probe’s absorption wavelength observed in a binary alkane + alcohol solvent mixture
is a volume fraction average of values determined in the two pure solvents. For
discussion purposes, a monofunctional alcohol was specified as the self-associating
cosolvent. The above derivation, with perhaps minor modification of the first term
to properly “count” the number of hydrogen bonds, is valid for all other solvents
such as carboxylic acids, diols, and amines which undergo self-association. Modifi-
cations, if required, do not affect AE

trans®

DERIVATION BASED UPON THE IDEAL ASSOCIATED SOLUTION
(IAS) MODEL WITH NONSPECIFIC INTERACTIONS INCLUDED

Analysis of the thermodynamic properties of nonelectrolyte solutions are generally
made by comparing measured properties with properties the solution should exhibit
if it behaved ideally. In mixtures in which chemical reactions or molecular com-
plexations are expected (or known) to occur between the components, a first
approximation to the thermodynamic treatment of nonideality can be made by
considering all deviations from ideal behavior to arise from chemical interactions.
That is, weak nonspecific physical nteractions (usually accounted for by activity
coeflicients) to be negligible in comparison to chemical interactions. The liquid
mixture is thus considered to be an ideal solution of all species present at
equilibrium.

In the Ideal Associated Solution (IAS) model!®~'3-2* a ternary solution contain-
ing a chromophore (component R) and two solvent components, in which 4 and B
interact according to the equilibrium
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X ragll—r,p)
A+B=AB K, ,=—2 = A8 AL
a8 (X4%p)  [(xq—rap)(xp—745)]

(45)

R ]
AB —
(ng +n,+ ng)
and
ny
X, =

(ng+ny+ng)

is treated as an ideal quaternary mixture. Symbols # ,, refers to the number of moles
of complex formed, and n, and nyz are the formal (stoichiometric) amounts of
components A and B present before complexation occurs. The enthalpy of mixing of
an ideal associated solution is directly proportional to the number of moles of AB
complex formed

fiaph
(AHE Donem =T aphap=—22E (46)
RAB/ch AB'"AB (nR+nA+nB)

where h,, is the standard enthalpy of formation of the 4B complex. Note that
(AHZ p)onem 18 calculated relative to the formal number of moles in the liquid
mixture ng + n, + ng. This is consistent with the general convention for reporting
thermodynamic properties of multicomponent solution, regardless of whether they
are associated or unassociated solutions. Reporting experimental data relative to the
tru¢ number of moles in solution (g + A, + Az +1,,) is confusing because the
numerical values would always depend on how many of each chemical entity is
presumed to be present. The formal number of moles is an unambiguous quantity
and not subject to interpretation.
The chromophore’s enthalpy of solution is

0
Hg= hAB< ;AB) + Velda(l - d)R)ERA, + ¢p(l — Pp) Egp— ¢4 P5E BA1] (47)

obtained by differentiating (ng + n, + ng)(AH % p)onem With respect to ng, and then
adding the contributions from nonspecific interactions. Rigorous application of the
NIBS model to the true quarternary system requires that there initially be six terms
in the mathematical description of nonspecific interactions to account for all of the
different binary interactions. The three interaction parameters involving the AB
molecular complex (Eg 5 E,,p and Ep, ) can be removed from the final derived
expression. Mathematical details of the elimination are discussed elsewhere.?®

Of the four terms in Eqn. (47), only Vg, (1 —¢g)Eg,, and Vidp(l — ¢p)Egy
contribute to the transition energy

lrlns_(p EﬁSA_E(éSA +¢(,Sbr5 _EGS)
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Even in solvent mixtures containing heterogeneous A;B;-type solvent complexation,
it is possible to derive the simple additive relationship showing that the reciprocal of
the probe’s absorption wavelength observed in a binary solvent mixture is a volume
fraction average (weighted mole fraction average in the most general I'; case) of
values determined in the two pure solvents. Equation (6) was originally derived for
noncomplexing systems. Derivations presented in this study, however, document
that the expression can be applied to preferential solvation in more complex solvent
mixtures.

We do not imply that the approaches presented here are necessarily the most
rigorous, the best or the only ways for deriving Eqn.(6). We opted to derived
Eqn. (6) from four thermodynamic mixing models which treat molecular interactions
in terms of complexation and “bulk™ A, interactional parameters. There are a large
number of other similar thermodynamic models that could have been employed in
deriving Eqn. (6). The fact that there have been so many solution models published
in the literature indicates that no simple model derived to date satisfactorily
describes all systems encountered. Alternatively, we suspect that it is possible to
derive the simple additive reciprocal wavelength relationship from perhaps a more
microscopic treatment involving dipole moments, molecular polarizabilities, dielec-
tric constants, and principles from statistical and molecular mechanics.
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