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THERMOCHEMICAL INVESTIGATIONS OF
TAUTOMERIC EQUILIBRIUM. VARIATION OF
THE CALCULATED EQUILIBRIUM CONSTANT

WITH BINARY SOLVENT COMPOSITION

WILLIAM E. ACREE. Jr.* and SHERYL A. TUCKER**

Department of Chemistry, University of North Texas, Denton,
Texas 76203-5068, USA.

{ Received 12 January 1989)

A conventional nonelectrolyte solution model which has led to successful predictive equations for solute
solubility and infinite dilution chromatographic partition coefficients is extended to systems containing a
tautomeric solute dissolved in a binary solvent mixture. The derived expression predicts that the tautomeric
solute concentration in a binary solvent is a geometric average of the pure solvent ratios and permits
calculation of solute-solvent association constants from variation of the stoichiometric tautomeric solute
concentration ratios as a function of binary solvent composition. Experimental data for phenylazonaphthol
dissolved in aqueous-ethanol and aqueous-acetone solvent mixtures is discussed in relation to the
theoretical model.

KEY WORDS: Tautomeric equilibria, thermodynamic model, binary solvent, solute-solvent
complexation, molecular complexation, equilibrium constants.

LIST OF SYMBOLS

Ay binary interaction parameter for components i and j used in Gibbs free
energy model

AG™* Gibbs free energy of mixing

AGY. excess molar Gibbs free energy of mixing of the binary solvent mixture
based on the Flory-Huggins model for solution ideality

K4, volume fraction based equilibrium constant for the formation of the AB
complex

K% volume fraction based equilibrium constant for the formation of the AC
complex

K, equilibrium concentration ratio of the tautomeric solute, based on the

uncomplexed solute species
Kgre equilibrium concentration ratio of the tautomeric solute, based on the
stoichiometric concentrations of both tautomeric forms
stoichiometric number of moles of component i in the solution
true number of moles of component i in the associated solution

n
fi
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|7 molar volume of component i

X% and X2 mole fraction composition of the binary solvent mixture, calculated as if
the solute were not present

o; ideal volume fraction of component i

¢% and @2 ideal volume fraction composition of the binary solvent mixture, calcu-
lated as if the solute were not present

d; ideal volume fraction of component i, calculated assuming an associated
solution
INTRODUCTION

Molecular complexation and chemical equilibrium occur in many systems having
biological and engineering significance. Calculation of meaningful association con-
stants is an important first step in understanding molecular interactions and solution
nonideality. Spectroscopic and solubility methods have been developed to facilitate
equilibrium constant determination. Spectroscopic methods require differences be-
tween the uv/vis absorbances of the molecular complex and the monomeric solute,
and are generally limited in application to those systems where the complexing
solvent concentration is considerably greater than solute molarity. Equilibrium
constants are obtained through a least squares analysis of absorbance versus
concentration.-2

Solubility methods attribute the increase in solute solubility at constant fugacity in
a complex-inert solvent mixture, relative to the solubility in pure inert solvent, to the
formation of molecular complexes. This primary assumption is common to several
experimental methods, such as the partitioning of solutes between two immiscible
liquid phases, measurement of infinite dilution gas-liquid chromatographic partition
coefficients and the increased solubility of solid solutes. Extraction of a meaningful
equilibrium constant from solubility data requires a thermodynamic solution model
for assessing what portion of the observed enhancement is due to specific solute-
solvent complexation. The model used should provide a smooth transition between
complexing and noncomplexing systems without pre-assuming the strength of the
molecular complex believed to be present. A major difficulty encountered in using
solubility methods has been the lack of thermodynamic models for systems containing
very weak association complexes or tautomeric solutes.

Our earlier studies® 8 were primarily devoted to the development of mixing models
for describing the thermochemical properties of a solute near infinite dilution in
binary solvent mixtures. Expressions were derived for the calculation of solute-
solvent association constants from measured solute solubility based on the Extended
Nearly Ideal Binary Solvent (NIBS) model®¢

A1 + Cl = AC Kﬁc = dA’AC/(QAsAldA’c,)
In ¢%' = ¢3 In(%5"5 + 02 In(¢%)c + In[1 + VK4 he/(V4 + Vo))
V,AGE
RT(XSVs + X2V

— ¢2In[1 + V,Kéc/(V4 + V)] + (1
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and the Competitive Associated NIBS model’

A+ B, = AB K%p = (13,43/(43,4.(?)81)
A+ Cl = AC K‘ﬁc = ¢‘4C/(¢Al¢C1)

In ¢33 = ¢5In($%)5 + $2 In(¢F)c — @5 In[1 + V,K4s/(V4 + V)]
+In[1 + V,K9pd3/(Vy + V) + VK% d2/(V 4 + V()]

—@dIn[l + V Kbe/(Vy+ V)] + -—V&———A (2)

¢ ATACRTA T PO T RT(X SV + X2V)
In the absence of solute-solvent complexation, Eq. (1) (with K%, = 0) and Eq. (2)
(with K%, = K% = 0) reduce to the basic NIBS model which has been shown to
provide very reasonable predictions for enthalpies of solution,? gas-liquid chromato-
graphic partition coefficients'®!! and solid solute solubilities' > '# in systems contain-
ing only nonspecific interactions. Various symbols used in Eqs (1) and (2) are defined
in the List of Symbols found at the beginning of the paper.

McCargar and Acree®®8'® compared values of the carbazole-dibutyl ether asso-
ciation constant calculated from experimental carbazole solubilities in ten binary
dibutyl ether + alkane solvent mixtures. A simpie stoichiometric complexation model
based entirely on specific solute-solvent interactions required two equilibrium
constants to mathematically describe the observed solubility data. Calculated con-
stants in isooctane cosolvent were significantly different from values for cyclooctane.
In comparison, the Extended NIBS model described the experimental solubilities to
within an average absolute deviation of about +2 9 using a single carbazole-dibutyl
ether association constant. Variation of the calculated constant with inert cosolvent
was slight, numerical values ranging from K%, = 22 for n-heptane to K%, = 30 for
isooctane cosolvent. In followup studies’2° the Competitive Associated NIBS model
was derived to explain the solubility behavior of carbazole in four binary chioroalkane
+ dibutyl ether solvent mixtures. Assuming the prescence of a very weak chloroal-
kane-carbazole complex, the authors illustrated the surprisingly large effect that a
weak secondary 4B complex can have on the calculated K% constant. Neglect of a
presumed weak carbazole-chlorohexane complex with K%g = 2 resulted in over a
two-fold decrease in the calculated carbazole-dibutyl ether equilibrium constant.

The success of Egs (1) and (2) in describing the thermochemical properties of a
ternary associated solution suggests that the basic mixing model might be applicable
to other types of chemical equilibria. To pursue this idea further, we present the
development of expressions for a tautomeric solute dissolved in a binary solvent
mixture. The derived expressions indicate that in systems containing only nonspecific
interactions the calculated equilibrium constant should be a geometric volume
fraction average of measured constants in the two pure solvents. Compositional
dependence does become more complex if a solvent component hydrogen bonds or
associates with one (or both) form of the tautomeric solute, in which case an
additional solute-solvent association constant would be needed for each molecular
complex formed. Tautomeric equilibrium constants for 4-phenylazo-1-naphthol in
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OH O

Figure 1 Tautomeric equilibrium between the azo (left side) and hydrazone (right side) forms of
phenylazonaphthol. Equilibrium shifts towards the hydrazone form in polar solvents.

binary ethanol + water and acetone + water solvent mixtures, determined by Nishi-
mura et al.,*! are discussed using the newly-derived thermodynamic expressions and
simulated computations. Phenylazohaphthol exists in tautomeric equilibrium be-
tween its azo and hydrazone forms (see Figure 1) in solution, with the hydrazone form
being favored in the more polar solvents.?! 28

SOLUTE TAUTOMERISM MODEL FOR SYSTEMS CONTAINING
ONLY NONSPECIFIC INTERACTIONS

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

N
AG™* = RT i n; In ¢,. + < ]Zv: n; V,>< Z Z ¢i¢inj> 3)
i=1 i=1

= i=1 j>i

in which n; is the number of moles of component i, ¢, is the volume fraction and 4;;is a
binary interaction parameter that is independent of solvent composition. The
application of Eq. (3) to a quarternary system having a tautomeric solute (compo-
nents A and H) dissolved in a binary solvent mixture (components B and C) takes the
form

A<=H Kb = ¢u/da
AG™ = RT[n,In¢, + ngln¢g + ncln ¢, + ny In ¢y ]
+ (g Vy+ngVa+ncVe+ ngVilddpAup + GadcAse + dabudan
+ ¢pdcApc + PsduApn + ScPuAcul 4)
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The chemical potentials of the two solute forms relative to the pure liquids (4 and
pui?) are

Hq — .uA. = RT[ln d’A + 1 - I7A/Vsoln]
+ Vlog(l — DA+ Ol — ¢ A e + Gu(l — DAy —
GpdcApc — GpPuApn — GcPnAcul (&)

Hy — Hl’ =RT[ln ¢y + 1 — VH/Vsoln]
+ Vald (1 — o) Aun + dp(l — du)Agy + d(1 — dy)Acy
— ¢ uPpAp — P uPcAuc — PrdPcAsc] (6)

obtained through the appropriate differentiation.

Mathematical manipulation of Eqgs (5) and (6), combined with the requirement that
iy = py at equilibrium, permits the equilibium ratio of solute concentration
(K%, = ¢u/d 4 at infinite dilution to be expressed in terms of the initial binary solvent

tau

composition (¢$ and ¢2) and 5 binary interaction parameters
(4p — H}?) —(fq — #,?) = RT[In(¢y/d 1) — (VH - I7A)/(Xg I7B + X?‘ l7C)]
+ O3V Apy — ViAup) + Vg Acy — VaAuc)
— (Vi — V)32 Ape (7
= RT In(/b.) = (1P — u®) + RT(Vy = VAX3Vy + X2Vc)
+ YV, Aup — Vg Apy) + dUVaAse — Vi Acy) + (Vy — V)d3de Age
(8)

RTInK?

tau

provided that the solute concentration is sufficiently small. Inspection of Eq. (8)
reveals that for model systems obeying this solution model the five binary A;
parameters can be eliminated from the basic model via

RTIn(K$,)p = (u® — u?) + RT(Vy — V)/Ve+ ViAs — Vi Apy 9

RTIn(K{,)e = (u® — u®) + RT(Vy — V)/Ve + VyAue — Vi Acn (10)
the measured solute concentration ratios in the two pure solvents, (K%,)z and (K2,).,
and

AGH = ¢3PAX3 Vs + X2V Ape (11)

the excess Gibbs free energy of the binary solvent calculated relative to the
Flory-Huggins model. Performing these substitutions, the expression for the equili-
brium solute concentration ratio in a binary solvent mixture becomes

i/ I/ ~fh
In K¢ (Vu - _V")AG:C_
RT(XV, + X2V,)

tau — ¢g ln(Kfau)B + ¢?‘ ln(Kgu)(‘ + (12)
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which often simplifies to
Kb, = (KEEHKE)E (13)

a geometric volume fraction average of the measured values in the two pure solvents.
In most cases the molar volumes of the tautomeric solute forms are approximately
equal, ¥V, ~ Vy, and the solvent “unmixing” contribution in Eq. (12) will be
negligible.

SOLUTE TAUTOMERISM MODEL FOR SYSTEMS CONTAINING
AN AC SOLUTE-SOLVENT COMPLEX

Thermodynamic modelling of the chemical equilibria for a tautomeric solute dis-
solved in a complexing binary solvent mixture is more complicated. Solute-solvent
association complexes increase the number of species which exist in solution. The
simplest case involves a single solute-solvent complex. Application of Eq. (3) to a
pentanary system (A, B, C, H and AC) takes the form:

A= H  Kb= /b,
A+ Cp = AC K;j;u = (ﬁAC/((iA,éCl)
AG™* = RT[#,, Ind,, + figln g + fic, In d¢, + Aygcin duc + A In ¢y
+ (A, Vo + gV + fic, Ve + iy Vg + fac Vao) (b, $5Aus + Sabe,Auc,
+ Gabudun + PabacAsac + bsbe,Apc, + PaduApn + PabacAsac
+ (i)(‘ld;HAClﬂ + Qgc,dsAcAcmC + ¢udbacAnacl (14)

with the chemical potentials of the two uncomplexed solutes, A, and H, obtained

g, — 4P =RT[ln qul :" = Va/ Vil + Valda(l — ‘z)Al)AAlB
+de, (1= da)Auc, + Sull = da) A + Dacll = da) A4 ac
- ?B?C}ABC] - ¢B¢HABH - ¢B¢ACABAC - ¢C1¢HAC1H - d)Cld)ACACIAC
— dubacAnacl (15)
Py — pf = R'Ii[ln (i’u +1- I7H/I:/soln] + VH[(JSA.(I - (ﬁH)AAlﬂ

+ ?B(]A - (Jgn)Am{ + A‘i’cx(l - d;H)AAC,AH + el - ‘f;q)AHAC

- Q?Alfl”BAA,B - d’AA,d’AclAA,C, - ¢A,¢ACAA,AC - J’Bd’ClABC.

- ¢B¢ACABAC - ¢C1¢ACAC1AC] (16)
through the appropriate differentiation of the Gibbs free energy of mixing. The carets
(") denote the compositions of the the true species in the solution, rather than the
stoichiometric concentrations. For simplicity, the molar volume of the AC complex is
assumed to be equal to the sum of the uncomplexed solute and complexing solvent
molar volumes, i.e., Ve =V, + V.

Equations (15) and (16) obviously contain far too many parameters for useful

applications, but reasonable assumptions enable the number to be greatly reduced.
Treatment of the 44, 4¢, A¢,4co Agac and A g ,c interaction parameters in a manner
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similar to that employed by Acree and McCargar’ for presumed carbazole-dibutyl
ether and carbazole-chloroalkane complexes leads to:
Agac = 175(17/1 + VC)_ZAAlcl
Aciac = Vf{(VA + V(')_ZAAle
o VAAAlﬂ + VCABCl _ I_/-A VCAAlCl
PV 4 Ve Vit Ve (Va4 Ve
A _ VAA/hH VCACIH I7A I7C‘AAlCl
HACT F [ & % 11 0 =7
Vi+ Ve Vyo+ Ve (Vi+ V)

Substitution of these approximations into Eqs (15) and (16), after suitable mathemati-
cal manipulations, yields the following expressions for the chemical potentials of the
uncomplexed solutes 4, and H,

ta, = 1P = RTIN Ga, + 1= Vo/Vud + Valps(1 — DA 4 p
+ ¢l —d DA 0, + Pu(l — dD)A4n — PpdeApe,
— $pbuApy — GcOuAc,ul (17

Hy — #;’ =RT[ln¢y + 1 — VH/Vsoln] + VH[¢A(1 - ¢H)AA,H
+ ¢p(l — o)Apy + Ol — dp)Ac, g — P abpAas
— GabcAyc, — PpPcApc.] (18)

and the infinite dilution equilibrium solute concentration ratio

RT In K4, = RT(dy/d4,) = (u® — u®) + RT(Vy — VX3V + X2Ve)
+ ¢g(VAAA1B — VyAgy) + d)g(VAAAlC] ~ VyAc,u)
+(Vy — VA)¢g¢gABC1 (19)

where ¢, = ¢4, + QucVa/(Vy+ Vi) and ¢ = @c, + ¢ uc Ve/(Va+ Vo).

Careful examination of Eq. (19) reveals that when the five interaction parameters
are eliminated from the basic mixing model using measured binary solvent AGY:
values and pure solvent K&. values, the resulting expression is

(Ve — V)AGye

InK? = o2In(K® O In(K? ) — =
n tau ¢B n( tau)B+ ¢C n( lau)( + RT(Xg VB+ Xg VC)

identical to Eq. (12) derived previously for noncomplexing systems. As long as the
tautomeric equilibrium is defined in terms of the concentrations of the uncomplexed
solutes, it is impossible to ascertain information regarding the K9, solute-solvent
association constant by measuring the variation of K¢, with binary solvent composi-
tion. Only in the very special circumstance described by

RT(VH - VA)/VB + I7AAAIB - VHABH = RT(VH - I7.14)/I7C + VAAAlC; - I7HAClH(ZO)

will the calculated equilibrium concentration ratio appear to be independent of binary
solvent composition.
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RESULTS AND DISCUSSION

The chemical literature contains a large number of qualitative studies for tautomeric
solutes dissolved in both polar and nonpolar solvents. Most studies are primarily
concerned with spectral changes and few report actual solute concentration ratios or
equilibrium constants. Numerical data for solutes dissolved in binary solvent mixtures
is relatively scarce. A search of the published literature did reveal K%, values for
4-phenylazo-1-naphthol in aqueous ethanol and aqueous acetone mixtures. Limited
phenylazonaphthol solubility in water did limit the measurements of Nishimura et
al.*! to mixtures containing high mole fractions of the organic solvent. Concentration
ratios for phenylazonaphthol in the mixed solvents are depicted graphically in Figures
2 and 3 as In K%, versus organic solvent volume fraction. Examination of the two
figures reveals that the linear In K2, versus ¢ behavior suggested by Eq. (12) for both
noncomplexing and complexing systems is not obeyed.

In experimentally determined K¢, values it must be remembered that the concen-
trations of both tautomeric solute forms may not be measured. Often, one wiil
measure the concentration of only form (i.e., only ¢4) and calculate the concentration
of the remaining form from a mass balance on the total amount of dissolved solute. In
this later case, both the uncomplexed and complexed solute concentrations are
incorporated into the equilibrium concentration ratio, Ki? = ¢,/¢ ,. A simple solute
mass balance is

¢A = QSA,[I + VAKﬁcd’g/(VA + I7c)] (2D
K = K§u/[1 + VKb de/(V 4 + Vo)l (22)

used to relate the two different equilibrium concentration ratios. Expressed in terms of
the apparent KiFP value, Eq. (12) predicts

tau
In KifP = ¢5 In(Kf)s + 62 In(KEe — In[1 + V, K4 92/(Va + V)]
(Ve — V)AG
RT(X3V5 + X2V)

+ @21In[1 + V, K4/V, + V)] + (23)
a more complex mathematical relationship between measured solute concentration
ratios and binary solvent compositions. Similar expressions can be derived for systems
containing AC,, AB, HB and/or HC association complexes. The various weighting
factor approximations for these derivations are given in earlier papers.’26-27
Mathematical behavior of Eq. (23) is illustrated in Fig. 4 assuming different
numerical values for the K% association constant. Properties used in the computa-
tions include equilibrium concentration ratios of (K¢,)z = 1 and (K2PP). = 0.1, and
molar volumes of Solute 4 and complexing cosolvent C of ¥, = 200 cm*/mol and
Ve = 100 cm>/mole, respectively. For simplicity, the binary solvent “unmixing” term,
(Vg — VOAGR/RT(X§Vs + X2V,), is assumed negligible. Tautomeric solute molar
volumes should be nearly identical, V,, ~ V,. Inspection of Figure 4 reveals that in the
absence of solute-solvent complexation (K%. = 0) In K2P is linearly related to the
volume composition of the binary solvent mixture. Nonlinearity becomes pronounced
as the solute-solvent association constant increases. Variation of the concentration
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Figure 2 Tautomeric equilibrium concentration ratios (K%,) for phenylazonaphthol dissolved in ethanol
(B) + water (C) mixtures as a function of solvent composition.
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Figure 3 Tautomeric equilibrium concentration ratios (K#,) for phenylazonaphthol dissolved in acetone
(B) + water (C) mixtures as a function of solvent composition.
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2.5¢

0‘5

Figured Calculated equilibrium concentration ratios of a hypothetical solute based on Eq. (23) and
assumed K%, values. Various curves correspond to numerical solute-solvent association constants of
K% =0¢( ) K% =10(---)and K4q = 20 (- ). Notice that the nonlinear behavior becomes more
pronounced with increasing K%.

ratios for phenylazonaphthol with binary aqueous-organic solvent composition can
be qualitatively rationalized using Eq. (23), provided that there are only one or two
possible association complexes to consider. Unfortunately, these two systems are
much too complex as a number of molecular complexes can be hypothesized simply
from molecular structure considerations. Water and ethanol are known to self-
associate and both can form hydrogen bonds with electron donor and acceptor
molecules. Studies are currently underway to determine equilibrium concentration
ratios and solubilities of tautomeric solutes in simpler binary solvent systems to better
test the limitations and applications of the proposed thermodynamic model.
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