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The examination of the dissociation constants of sulfonamides is essential in drug-design studies and in
explaining the biopharmaceutical properties of substances. The dissociation constants of ten common human
and veterinary antibiotics, namely, sulfadiazine, sulfamerazine, sulfamethoxazole, sulfathiazole, sulfa-
monomethoxine, sulfamethoxypyridazine, sulfadimethoxine, sulfafurazole, sulfadoxine, and sulfaquinoxaline,
in water and in 15 %, 23 %, and 30 % (v/v) acetonitrile-water mixtures were determined by a UV/pH
titration method and correlated with the Kamlet and Taft solvatochromic parameters, π*, R, and �. Kamlet
and Taft’s general equation was reduced to two terms by combined factor analysis and target factor analysis
in these mixtures: the independent term and polarity/polarizability π*, which is a solvatochromic parameter.
Further, the quasi-lattice quasi-chemical (QLQC) theory of preferential solvation has been applied to quantify
the preferential solvation by water of electrolytes in acetonitrile-water mixtures.

Introduction

Sulfonamides are a very important class of antibacterial
agents, and they have been used especially in the treatment of
urinary tract infections.1-4 In the field of industrial pharmacy,
perhaps the most important physicochemical characteristic
property of biologically active molecules is their acidity or
basicity expressed by their pK values. Because most molecules
have acidic and/or basic functionalities, relationships between
dissociation constants and structure may prove useful in drug-
design studies and in explaining the biopharmaceutical properties
of substances.5-7

There are some limitations in determining the acidity
constants of molecules such as low solubility in aqueous
solutions and low values of acidity constants. Therefore, to
enhance the acidity constants on one hand and to increase the
solubility on the other, we are forced to choose mixed
solvents.8,9 In addition, the pK of the analytes in the mixed
solvent is an important parameter for the optimization of separa-
tion techniques such as capillary electrophoresis (CE) and liquid
chromatography (LC) of ionizable compounds. An understand-
ing of the factors that determine the acidity or basicity of a
solute dissolved in solvent mixtures can be decisive to foresee
how the aqueous pK is modified when the organic modifier is
added to the aqueous part of the eluent for separation methods
and to establish relationships between an aqueous pK and the
pK in the organic modifier-water binary mixtures. Moreover,
the study of acid-base behavior of analytes in binary
organic-water solvent systems could be key in predicting the
influence of pH on retention and selectivity in LC.10,11

Previously, the solvent effect on dissociation equilibria was
believed to be chiefly guided by electrostatic interactions.
However, recent studies12-14 reveal that the change in the
dielectric constant cannot be the sole factor. The variation of
the pK values with the content of organic modifier can be
explained by consideration of the preferential solvation of
electrolytes in organic solvents such as methanol-water and
acetonitrile (MeCN)-water mixtures. To elucidate the influence
of a change in the medium on the systems studied and on
retention in LC, the values of the dissociation constants can be
related to macroscopic parameters (cosolvent percentage, the
mole fraction of cosolvent (x2), and the dielectric constant (ε))
and to microscopic parameters (Kamlet and Taft’s solvatochro-
mic parameters: R, solvent hydrogen-bond acidity; �, solvent
hydrogen-bond basicity; π* dipolarity/polarizability)15-17 and
the ET

N parameter which defines the characteristics of the medium
studied.18

MeCN is one of the most important dipolar aprotic solvents;
it is used in many branches of chemistry and, in particular, has
proved highly versatile as a mobile phase in LC, for the
separation and purification of drugs from a wide variety of
sources.19-21 MeCN is a considerably weaker base and a much
weaker acid than water and has a relatively high dielectric
constant (ε ) 36.0). Therefore, it is a good differentiating solvent
for both acids and bases, as reflected by its small autoprotolysis
constant (pKHS ) 33.6). Furthermore, it has low viscosity and
ideal UV transparency.22

There are large spectra of pK determination techniques such
as CE,23,24 liquid-liquid partitioning,25 ultraviolet-visible
(UV-vis) absorption, and potentiometry.6-8 Among these,
potentiometry and spectrophotometry are methods of choice due
to their simplicity, low cost, ease of application, and so on. Very
often, the main difficulty in the determination of dissociation
constants of drugs is their aqueous insolubility that forces the
use of spectroscopic techniques. This technique requires very
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low analyte concentrations and allows suitable absorbance
measurement in aqueous solution even for products with low
aqueous solubility.6,26

As a continuation of our extensive systematic study27-29 on
the effect of solvent composition on the protonation constants,
the purpose of the present study is the determination of the
dissociation constants of ten common human and veterinary
antibiotics, namely, sulfadiazine, sulfamerazine, sulfamethox-
azole, sulfathiazole, sulfamonomethoxine, sulfadimethoxine,
sulfadoxine, sulfamethoxypyridazine, sulfafurazole, and sul-
faquinoxaline in an MeCN-water medium (0 %, 15 %, 23 %,
and 30 % v\v). Despite the importance of sulfonamides as
powerful antibacterial agents, it was observed that there is
neither a systematic study on the determination of the dissocia-
tion constant of these compounds in MeCN-water media nor
one on the correlation between the dissociation constant and
the most significant solvent properties to determine the influence
of each property on the dissociation process.30-39

For this study, we chose the sulfonamides including different
R groups attached to N1 of the sulfonamido group (Figure 1)
since most bacteriostatic sulfonamides are characterized by a
p-aminoaryl moiety and structural diversity has been obtained
basically by variation of this R group. Generally, this R group
is a heterocyclic structure that renders the compound several
times more active than the original sulfanilamide. It was
suggested that bacteriostatic activity of sulfonamides is favored
by decreasing their acidity,40-43 which was confirmed in very
recent works published by Soriano-Correa et al. and Gomes and
Gomes.44,45 Also, distinct therapeutic effects are often associated
to different acidity ranges. Thus, it seems that the acidity of
the sulfonamido group, and factors affecting it, are key features
ruling physicochemical properties such as absorption, distribu-
tion, metabolism and toxicity that modulate the sulfonamide
bioactivity.5,46

In this study, factor analysis (FA) is also used to determine
the number of factors involved in the variation of dissociation
constants of sulfonamides. The equations obtained permit
calculation of the pK values of the studied sulfonamides in any
MeCN-water mixtures up to 30 % (v/v) MeCN and can help
to clarify the acid-base behavior of sulfonamides in these
widely used MeCN-water mixtures. Furthermore, the variation
in pK values obtained over the whole composition range studied
has been explained by taking into account the preferential
solvation of ions in MeCN-water mixtures; the quasi-lattice
quasi-chemical (QLQC) theory47 was applied to quantify the
preferential solvation by water of the hydrogen ions, δw, in
MeCN-water mixtures.

Experimental Section

Chemicals and Reagents. Analytical reagent grade chemicals
were used, unless otherwise indicated. Sulfadiazine, sulfamera-
zine, sulfamethoxazole, sulfathiazole, sulfafurazole, sulfadoxine,
sulfamonomethoxine, sulfamethoxypyridazine, sulfadimethox-
ine, and sulfaquinoxaline (Merck) were used without further
purification. In this study, MeCN (HPLC grade) was selected
as the organic modifier. Potassium hydroxide (Titrisol), hydro-
chloric acid (Titrisol), potassium hydrogen phthalate, and

potassium chloride (ionic strength adjuster; 0.1 mol ·L-1) were
supplied by Merck. All stock solutions of hydrochloric acid,
potassium hydroxide, potassium hydrogen phthalate, and potas-
sium chloride were prepared by dilution in water. Water, with
a conductivity lower than 0.05 µS · cm-1, was obtained from a
Milli-Q water purification system (Milli Pore Corp.).

Apparatus. Potentiometric measurements were performed
with a Mettler-Toledo MA 235 pH/ion (resolution ( 0.1 mV)
analyzer system. The UV-vis absorbance spectra were recorded
at each pH using a Perkin-Elmer LAMBDA 25 spectropho-
tometer, equipped with a 1 cm path length cell, controlled by a
personal computer. A peristaltic pump was used to circulate
the solution from the titration vessel to the spectrophotometer
cell, and vice versa, through Teflon or Tygon tubes in a closed
loop circuit with continuous flow. All titrations were carried
out under N2 and at (25.0 ( 0.1) °C, which was maintained by
circulating water from a constant-temperature thermostat (Heto
CBN 8-30 and temperature control unit Heto HMT 200) through
the double-wall Pyrex titration cell of 80 mL capacity.

Procedures. Before the spectrometric titration, carbonate-free
potassium hydroxide solutions were prepared under a nitrogen
atmosphere. The ionic strength of each KOH solution was
adjusted to 0.10 mol ·L-1 by the addition of KCl. The alkali
titer and absence of carbonate were periodically checked by pH-
metry, using the appropriate Gran function48 against primary
standard oven-dried potassium hydrogen phthalate.

The pK values of the sulfonamides were determined by means
of the data obtained from spectrometric titrations in water and
in 15 %, 23 %, and 30 % (v/v) MeCN-water mixtures at (25.0
( 0.1) °C and in 0.1 mol ·L-1 ionic strength (KCl). The
spectrophotometric multiple-wavelength pH-titration was carried
out as follows: in a first step, the standard electromotive force
(e.m.f.) values, E°, of the potentiometric cell were evaluated
from titrations of a measured amount of an acidic solution, at
the same conditions of temperature, ionic strength, and solvent
composition to be used in later experiments using KOH solutions
in the same solvent and ionic strength as the titrant. The standard
e.m.f. of the cell, E°, is the average of at least 15 standardiza-
tions. The calibration parameters were checked from the Gran
plots.48,49 The standardization of the electrode system was
carried out each time the solvent medium was changed and the
constancy of Eo values ensured by continual surveillance by
means of periodic calibrations. In a second step, a solution of
fully protonated sulfonamides (42.0 mL containing 1 ·10-5

mol ·L-1 drug) at the required conditions of temperature, ionic
strength, and solvent composition were titrated using KOH
solutions in the same solvent and ionic strength in the pH range
of 2.0 to 11.0. After each addition, the potential was allowed
to stabilize, its value used, in combination with E° calculated
in the calibration step, to calculate the solution pH.

In the UV-vis spectrometric titrations, the test solution was
pumped to a spectrometric flow-cell by means of a peristaltic
pump. After each addition of titrant, and after waiting for the
e.m.f. reading to be stable, UV-vis spectra were recorded with
1 nm resolution over the (190 to 400) nm interval to obtain
different spectra around the maximum λ for each sulfonamide.

Data Treatment. Spectrometric titration data were processed
using the program STAR (Stability Constants by Absorbance
Readings)50 which calculates stability constants and molar
absorptivities of the pure species by multilinear regression. The
program STAR requires a previous model of the chemical
equilibria, based upon the existence of certain chemical species,
to be postulated. The refinement of equilibrium constants is done
using the Gauss-Newton nonlinear least-squares algorithm by

Figure 1. Molecular structures of sulfonamides used in this study.

Journal of Chemical & Engineering Data, Vol. 54, No. 11, 2009 3015



numerical differentiation, until a minimum in the sum of the
squares residual (U) is attained. The optimization is performed
by means of a nonlinear least-squares procedure. The minimiza-
tion process is repeated until the relative change of U between
two iterations is e 0.01 %.

Factor analysis has been used as a powerful technique in the
study of different chemical phenomena whose interpretation
requires multivariate approaches.51,52 Target factor analysis
(TFA) was then applied to identify these factors.53-55 Input data
referring to the pK of substances, which vary according to the
composition of the mixed solvent, are collected to build up the
experimental data matrix. The principle and methodology of
factor analysis and target factor analysis have been described
in detail by Malinowski.56 All calculations, including several
tests applied to determine the correct number of factors or to
decide whether a proposed target can be accepted as a real factor,
were performed through the Holmes 2000 program.57-59

Results and Discussion

A sulfonamide contains two important functional groups in
the pharmaceutically relevant pH range of 4 to 9 as shown in
Figure 1: one acidic amide moiety (N1) and one basic amine
moiety (N2). The amine nitrogen atom (-NH2) is able to gain
a proton, while the amide nitrogen atom (-NH-) is able to
release a proton under specific pH conditions. Thus, the first
dissociation equilibrium refers to the dissociation equilibrium
of the amine moiety (pK1) and the second equilibrium to the
dissociation equilibrium of the amide moiety (pK2). The
equilibrium reaction steps are shown in Figure 2.

Figure 3 and Figure 4 show UV-vis spectra of sulfa-
monomethoxine and sulfadiazine over the (190 to 400) nm
interval and different pH values that were given in water and
in 30 % MeCN-water mixtures, respectively. The data were
processed using the STAR program50 to obtain the pK values
for substances using an iterative procedure.

The dissociation constant values determined for the equilibria
involved for sulfadiazine, sulfamerazine, sulfamethoxazol, sul-
fathiazole, sulfamonomethoxine, sulfamethoxypyridazine, sul-
fadimethoxine, sulfafurazole, sulfadoxine, and sulfaquinoxaline
studied in 0 %, 15 %, 23 %, 30 % (v\v) MeCN-water mixtures
at (25.0 ( 0.1) °C are collected in Table 1, together with
respective standard deviations. pK values reported in the
literature for water are shown in Table 2.30-35 The difference
between the values determined in the present work and
the values determined by others is minor and about what would
be expected from the difference in conditions employed.

Despite the large distance between the R group and N2

nitrogen atom, as shown in Table 1, the R substituent seems to
have a crucial role in pK1 values of sulfonamide derivatives.
An enhanced effect in the chemical and biological properties
that distinguish different sulfonamide-based drugs should be
expected if -NH- substitution takes place due to its proximity
to the leaving proton. Thus, the role of different R groups
attached to the amide nitrogen atom should be equally inspected.
In comparison with pK values from Table 1, larger changes in
pK2 values of the sulfonamido group are observed, as expected
from the closer distance between the substituent group and the
sulfur atom.45

Figure 2. Dissociation equilibrium of sulfamonomethoxine.

Figure 3. Wavelength (nm) absorbance graphic for sulfomonomethoxine as a function of pH in water.
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The pK1 values associated with the amino group (N1) for the
compounds studied were smaller than those generally observed
with aniline derivatives in water26,27 (e.g., aniline in water has
a pK ) 4.60). This increase in acidity can be attributed to an
electron-withdrawing sulfone group in the para position. On the
other hand, the pK2 values in line with the amide nitrogen atom
of sulfonamide derivatives were smaller than the dissociation
constant of sulfonilamide, pKa ) 10.1.60 This increase in acidity
can be explained by a resonance and steric effect on the
dissociation constants because the structures of the sulfonamide
derivatives are formed when a heterocyclic molecule is substi-
tuted for hydrogen of the sulfamine group.

It is known that one of the most important factors determining
equilibrium constants is the reaction medium. The variation of
the pK values of sulfonamides versus the mole fraction of
MeCN, xMeCN, in the MeCN-water mixtures is presented in
Figure 5 and Figure 6. The equations between pK1 and pK2

values and mole fraction of organic modifier are shown in Table
3. The variation of pK values with the mole fraction of MeCN
is different for each substance although, in general, pK1 values
in line with the anilinium ion decrease with the mole fraction
of MeCN, whereas pK2 values in line with the sulfonamide
increase. The different ways in which pK values change might
be explained by the fact that the dissociation process is ruled

Figure 4. Wavelength (nm) absorbance spectra for sulfadiazine as a function of pH in 30 % (v/v) acetonitrile-water mixtures.

Table 1. pK1 and pK2 Values of Sulfonamides in Water and 15 %, 23 %, and 30 % (v/v) MeCN-Water Mixtures
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by electrostatic interactions as well as by specific solute-solvent
interactions. It has been found that in several water-organic
binary solvent mixtures pKa values of a given substance show
a linear relationship with the mole fraction of organic solvent.61

This is indicated by the following expression

pKa,� ) pKa,w + �∆pK (1)

where pKa,w indicates the dissociation constant in water, � the
mole fraction of organic solvent, ∆pK the slope of the linear
relationship, and pKa,� the pKa at the corresponding composition.

As shown in Figure 2, the first dissociation equilibrium (pK1)
regarding the N2 nitrogen atom is the dissociation constant for
equilibrium between the positively charged, unionized amino

(-NH3
+-) group and its electrically neutral conjugate base.

Thus, when the amino group is ionized, there is no change in
the number of charges involved in the process (H2A+ T
HA+H+). Therefore, a change in the polarity of the medium
has a minor influence on the dissociation process, which depends
only on the solvation of the different species by the solvents of
the mixture, and the variation of the dissociation constant with
the MeCN content is not linear. This behavior also explains
why the pK1 values of sulfonamides in the range 0 % (v/v) and
to approximately 30 % (v/v) of MeCN show small changes.

The appearance of such variation (Figure 5) for the pK1 values
of sulfonamides in MeCN-water mixtures might be due to the
fact that these dissociation constants are dependent on
solute-solvent interaction effects, and these effects vary with
the structural features of the mixtures. If a solute interacts with
one solvent more strongly than with the other, the solute will
be preferentially solvated by the former.13 On the water-rich
side of MeCN-water mixtures, xMeCN > 0.15, the water structure
remains more or less intact, and the MeCN molecules gradually
occupy the cavities between the water molecules without
disrupting the water structure. The (v/v) % limit beyond which
the MeCN can no longer be accommodated within the cavities

Table 2. pK Values Reported of Sulfonamides in Water

compounds method pKa1 pKa2 background ref

sulfadiazine CE 2.10 6.28 citrate buffer 34
CE 2.00 6.4 buffer 37

sulfamerazine UV/pH 2.22 ( 0.01 6.80 ( 0.02 0.15 M KCl 35
CE 2.17 6.77 citrate buffer 34
potentiometry 2.06 ( 0.30 6.90 ( 0.05 (0.01 to 0.05) M NaClO4 30

sulfamethoxazole potentiometry 1.85 ( 0.30 5.60 ( 0.04 (0.01 to 0.05) M NaClO4 30
CE 1.7 5.60 buffer 37
CE 1.83 5.57 citrate buffer 34
potentiometry 1.85 ( 0.30 5.60 ( 0.04 (0.01 to 0.05) M NaClO4 30

sulfathiazole potentiometry 2.01 ( 0.30 7.11 ( 0.04 (0.01 to 0.05) M NaClO4 30
sulfamonomethoxine CE - 6.03 buffer 35

CE 1.98 5.96 citrate buffer 34
sulfamethoxypyridazine potentiometry 1.87 ( 0.30 5.45 ( 0.06 (0.01 to 0.05) M NaClO4 30

CE 2.09 6.95 citrate buffer 34
CE - 5.49 buffer 35

sulfadimethoxine CE 1.62 6.13 buffer 35
potentiometry 2.13 ( 0.30 6.08 ( 0.09 (0.01 to 0.05) M NaClO4 30
CE 1.87 5.86 citrate buffer 34

sulfaquinoxaline CE 1.86 5.56 citrate buffer 34

Figure 5. pK1 values versus mole fraction of water, xw, in acetonitrile-water
mixtures. 0, sulfaquinoxaline; 2, sulfadoxine; ∆, sulfathiazole; 9, sulfa-
monomethoxine; O, sulfadiazine.

Figure 6. pK2 values versus mole fraction of water, xw, in acetonitrile-water
mixtures. 9, sulfamonomethoxine; O, sulfadiazine; 2, sulfadimethoxine;
0, sulfaquinoxaline; ∆, sulfathiazole.

Table 3. Equations between pK1 and pK2 Values of Sulfonamides
and Mole Fractions of Organic Modifiera

substance equations
regression
coefficient

sulfadiazine pK1 ) 1.90(0.06) - 4.13(0.75)xb 0.967
pK2 ) 6.31(0.03) + 6.17(0.36)x 0.997

sulfamerazine pK1 ) 2.17(0.14) - 3.67(1.69)x 0.834
pK2 ) 6.72(0.02) + 6.20(0.26)x 0.998

sulfamethoxazole pK1 ) 1.49(0.02) - 1.74(0.24)x 0.981
pK2 ) 5.42(0.05) + 4.15(0.62)x 0.978

sulfathiazole pK1 ) 1.90(0.01) - 2.09(0.16)x 0.994
pK2 ) 7.14(0.03) + 2.80(0.33)x 0.987

sulfamonomethoxine pK1 ) 1.72(0.03) - 1.79(0.37)x 0.960
pK2 ) 6.23(0.01) + 1.41(0.13)x 0.992

sulfamethoxypyridazine pK1 ) 2.16(0.12) - 2.43(1.39)x 0.779
pK2 ) 6.77(0.08) + 6.07(0.94)x 0.977

sulfadimethoxine pK1 ) 2.12(0.02) - 0.70(0.19)x 0.936
pK2 ) 6.19(0.02) + 3.40(0.27)x 0.994

sulfafurazole pK1 ) 2.28(0.02) - 2.50(0.20)x 0.994
pK2 ) 5.20(0.02) + 2.44(0.28)x 0.988

sulfadoxine pK1 ) 2.38(0.01) - 2.40(0.11)x 0.998
pK2 ) 5.70(0.11) + 6.31(1.31)x 0.960

sulfaquinoxaline pK1 ) 2.31(0.07) - 0.29(0.84)x 0.235
pK2 ) 5.98(0.02) + 2.89(0.28)x 0.994

a Error associated to values is given in parentheses. b x represents the
mole fraction of the organic modifier (MeCN).
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of the structure of water depends on the pressure and is about
30 % (v/v) in MeCN. In this water-rich region, there are no
changes in the pK values of sulfonamides assigned to the
dissociation of the protonated amino, but these pK values change
if the percentage of MeCN increases (Table 1). This is in
accordance with the previously obtained values of preferential
solvation, δw, of hydrogen ions by water in MeCN-water
mixtures.14,15

However, in the deprotonation of sulfonamide nitrogene
(pK2), there is a change from a neutral species to two ionic
species: a negatively charged one plus a hydrogen ion (HA T
H+ + A-), and therefore, any variation in the polarity of the
medium exerts a strong influence on the dissociation process.
These pK2 values, as well as pK1, are lower than the expected
values considering the high pK values expected in pure MeCN.
The variation of the pK values of sulfonamides in MeCN-water
mixtures could be explained by the fact that there is preferential
solvation in these media14 that is related to structural features
of these mixtures.62 Preferential solvation in MeCN-water
mixtures produces lower pK values than expected when the
preferred solvent is water. If the solute displays no preference
for the solvent molecules, the solvent composition in the
cybotactic zone, in the immediate neighborhood of the solute,
is the same as in the bulk.

To determine the degree of preferential solvation of hydrogen
ions in the MeCN-water solvent mixtures considered, the
QLQC theory was used. Evaluation of preferential solvation
by water around hydrogen ions, δw ) xw

L - x requires that one
knows the molar Gibbs energy of transfer values, ∆Gt

0, of all
the individual species involved in the dissociation equilibria from
the standard state in water to the standard state in the mixed
solvent studied. The standard molar Gibbs energy of transfer
for hydrogen ion from water into pure MeCN solvent, ∆Gt

0(H+),
and the excess of Gibbs energy for mixing MeCN-water
equimolar mixtures, ∆GwMeCN

0 (x ) 0.5), are (46.4 and 1.32)
kJ ·mol-1, respectively.62,63 The results obtained from the QLQC
method at 25 °C and for the preferential solvation by water
around hydrogen ions, δw ) xw

L - x, show that for the
MeCN-water mixtures the preferential solvation of hydrogen
ions by water is positive; i.e., water molecules show a greater
tendency to be in the immediate vicinity of a given hydrogen
ion than MeCN molecules do. This preference is maximal at
xw ≈ 0.25 for the hydrogen ion.64 Therefore, the pK values of
sulfonamide derivatives in these mixtures are expected to be
closer to pK values in water than to pK in MeCN.65

The preferential solvation in water-organic solvent mixtures
may interfere more seriously. Although this problem has not
been solved unequivocally, the investigations provide significant
evidence that FA techniques can contribute to better understand-
ing of acid-base behavior of substances in these mixtures. The
main problem in the study of sulfonamides in MeCN-water
mixtures is how a solute species reacts with the solvent that
focuses their solvation sphere. There are several empirical
methods to correlate the general effects of the solvent in pure
solvent and water-organic cosolvent mixtures.66 The most
ambitious and also most successful quantitative treatment of
solvent effects using a multiparameter equation is that of Kamlet
and Taft,16-18 also known as the linear salvation-energy
relationship (LSER).

XYZ ) XYZo + sπ* + aR + b� (2)

This equation explains any solute property variation with
solvent composition in terms of a linear combination of the
molecular parameters of the solvent π* (solvent polarity/

polarizability), R (solvent hydrogen-bond-donating acidity,
HBD), and � (solvent hydrogen-bond-accepting basicity, HBA).
XYZ is the solute property, and XYZ0 is the value of this
property for the same solute in a hypothetical solvent for which
R ) � ) π* ) 0. The values of the solvatochromic parameters
π*, R, and �, in MeCN-water mixtures have been taken from
the literature51 and given in Table 4.

Here, several attempts were made to find the best form of
the Kamlet-Taft equation to describe the variation of pK values
of sulfonamide derivatives in MeCN-water mixtures. The
Kamlet-Taft equations obtained from the results provided, by
factor analysis and target factor analysis to the pK value
matrices, are shown in Table 5 and Table 6. The coefficients of
the parameters are the target loadings, and the values given in
parentheses are the errors associated with these values. These
loadings (coefficients) are related to the weight of each real
factor in each different column (each percentage of MeCN-water
in the mixture) of the original data matrix in a similar sense as
the “weightings” in regression analysis. Global errors in data
reproduction (RMS and RSD) were in agreement with experi-
mental errors. This study also confirms the usefulness of
microscopic parameters, such as π*, R, and �, in the explanation
of microscopic processes since the solvent properties in the
cybotactic zone are the ones which directly affect the solutes
when a process such as acid-base equilibrium occurs.

Table 4. Solvatochromic Parameters for Binary Solvent Mixtures of
Acetonitrile with Watera

% (v/v) MeCN-water xMeCN R � π*

0.00 0.000 1.130 0.58 1.140
15.0 0.0568 1.012 0.60 1.095
23.0 0.0921 0.967 0.61 1.061
30.0 0.1277 0.937 0.61 1.035

a Ref 51.

Table 5. Expressions of Kamlet-Taft Equations Obtained through
Factor Analysis and Target Factor Analysis Applied to Data Built
from pK1 Values of Sulfonamidesa

substance linear solvation energy relationships

sulfadiazine pK1 ) -3.38(0.58) + 4.62(0.19)πb

sulfamerazine pK1 ) -2.41(0.45) + 4.00(0.16)πb

sulfamethoxazole pK1 ) -0.78(0.49) + 1.97(0.21)πb

sulfathiazole pK1 ) -0.80(0.51) + 2.36(0.19)πb

sulfamonomethoxine pK1 ) -0.60(0.15) + 2.04(0.32)πb

sulfamethoxypyridazine pK1 ) -1.04(0.25) + 2.80(0.18)πb

sulfadimethoxine pK1 ) -3.01(0.42) - 0.77(0.22)πb

sulfafurazole pK1 ) -5.49(0.56) - 2.80(0.28)πb

sulfadoxine pK1 ) -0.72(0.45) + 2.71(0.23)πb

sulfaquinoxaline pK1 ) -0.34(0.19) + 1.93(0.29)πb

a RMS (root-mean-square error) ) 0.06. RSD (residual standard
deviation) ) 0.07. b Error associated to values is given in parentheses.

Table 6. Factor Loadings for the Reproduction of the pK2 and
Matrices of Sulfonamides in Acetonitrile-Water Mixturesa

substance linear solvation energy relationships

sulfadiazine pK2 ) 14.33(0.60) - 7.02(0.23)πb

sulfamerazine pK2 ) 14.73(0.57) - 7.00(0.28)πb

sulfamethoxazole pK2 ) 10.81(0.49) - 4.72(0.18)πb

sulfathiazole pK2 ) 10.69(0.42) - 3.11(0.20)πb

sulfamonomethoxine pK2 ) 8.03(0.27) - 1.58(0.14)πb

sulfamethoxypyridazine pK2 ) 14.73(0.55) - 6.96(0.25)πb

sulfadimethoxine pK2 ) 10.55(0.29) - 3.81(0.19)πb

sulfafurazole pK2 ) 8.36(0.24) - 2.76(0.20)πb

sulfadoxine pK2 ) 14.06(0.58) - 7.33(0.27)πb

sulfaquinoxaline pK2 ) 9.70(0.44) - 3.25(0.15)πb

a RMS (root-mean-square error) ) 0.06. RSD (residual standard
deviation) ) 0.07. b Error associated to values is given in parentheses.
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For the dissociation reactions corresponding to the sulfon-
amide derivatives, the Kamlet and Taft general equation was
reduced to only two terms to describe the modification of the
studied property in MeCN-water mixtures: the independent
term and π* (dipolarity/polarizability). Other combinations of
factors were tried to explain mixed solvent-solute interactions,
but the fit of the model proposed to reproduce experimental
data was worse. Although the solvent polarity is identified as
the main cause of pK value variation of sulfonamides in
MeCN-water mixtures, these results do not justify the assump-
tion that only target π* and unity are equally valid for explaining
the variation of the pK values of sulfonamides in MeCN-water
mixtures. It was shown by Barbosa et al.51 that the linear
relationship between pK and π* can break down when the
proportion of organic cosolvent is high, and the data matrices
cover up to nearly 60 % (v/v) of MeCN.

The first parameter in the reduced Kamlet and Taft equation
determined in this work, derived from the target unity, represents
the value of the acid dissociation constant of the different solutes
in a hypothetical solvent with R ) � ) π* ) 0; the second
parameter is related to the polarity/polarizability of the solvent,
which was well characterized by the π* parameter. The
coefficients of target π* in the reduced Kamlet-Taft equations
are summarized in Table 4 and Table 5. Global errors in data
reproduction (RMS and RSD) were in agreement with experi-
mental errors.

The coefficients of target π* obtained by TFA means that an
increase in the polarity of the mixed solvent increases the
solvation of ions. Solvation by polarity affects both anions and
cations, and this could explain why the target π* was the main
term in the equations obtained in Table 5 and Table 6. There
exists a dipole-dipole interaction between the polar sulfona-
mides and the polar solvent, while an ion-dipole interaction is
the important force between the polar solvent and ionized
sulfonamides. Since the solute ion-solvent dipole interaction
is stronger than the dipole-dipole interaction, increasing the
polarity of the solvent causes the ionized form of sulfonamides
to become more stable than unionized sulfonamides, thus the
degree of ionization increases.

The behavior of the cationic (H2A+) sulfonamides differs from
that of neutral (HA) as shown in Table 4 and Table 5. The
behavior of the cationic sulfonamides in the first dissociation
equilibrium (pK1) regarding the N2 nitrogen atom differs due
to the fact that the π* are generally positive and a low value.
In the dissociation process of these H2A+ ions, there is no change
in the number of charges, and the change of the polarity of the
medium has little influence on the dissociation process. For
neutral sulfonamides regarding the N1 nitrogen atom, electro-
static interaction overwhelms other effects, and this fact is
reflected in the greater magnitude of the π* coefficients with
respect to those obtained for amine nitrogen atom of the N1 of
sulfonamides.

This study confirms the usefulness of microscopic parameters,
such as π*, in the explanation of microscopic processes since
the solvent properties in the cybotactic zone are the ones which
directly affect the solutes. The FA and TFA chemometric
techniques enable us to obtain equations (Table 5 and Table 6)
that permit the pK values of sulfonamides in any MeCN-water
mixtures to be determined. The LSER equations also permit
the interpretation of their acid-base behavior in these widely
used hydroorganic mixtures. Preferential solvation by water
occurs in MeCN-water mixtures, in the range of compositions
studied here, for hydrogen ions.
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(11) Jiménez-Lozano, E.; Marqués, I.; Barrón, D.; Beltrán, J. L.; Barbosa,
J. Determination of pKa Values of Quinolones from Mobility and
Spectroscopic Data Obtained by Capillary Electrophoresis and a Diode
Array Detector. Anal. Chim. Acta 2002, 464, 37–45.

(12) Kan, C. A.; Petz, M. Residues of veterinary drugs in eggs and their
distribution between yolk and white. J. Agric. Food. Chem. 2000, 48,
6397–6403.

(13) Shehatta, I. Effect of Preferential Solvation on the Thermodynamic
Properties of Antidepressant Drug Trazodone in Aqueous Ethanol:
Linear Free-Energy Relationships. HelV. Chim. Acta 2002, 85, 2125–
2137.

(14) Barbosa, J.; Sanz-Nebot, V. Preferential Solvation in Acetonitrile-
Water Mixtures. In: Relationship Between Solvatochromic Parameters
and Standard pH Values. J. Chem. Soc., Faraday Trans. 1994, 90,
3287–3292.

(15) Barbosa, J.; Bergés, R.; Toro, I.; Sanz-Nebot, V. Protonation Equilibria
of Quinolone Antibacterials in Acetonitrile-Water Mobile Phases Used
in LC. Talanta 1997, 44, 1271–1283.

(16) Kamlet, M. J.; Taft, R. W. The Solvatochromic Comparison Method.
I. The Beta-Scale of Solvent Hydrogen-Bond Acceptor (HBA)
Basicities. J. Am. Chem. Soc. 1976, 98, 377–383.

(17) Kamlet, M. J.; Abboud, J. L.; Taft, R. W. The Solvatochromic
Comparison Method. The π* Scale of Solvent Polarities. J. Am. Chem.
Soc. 1977, 99, 6027–6038.

(18) Kamlet, M. J.; Abboud, J. L.; Taft, R. W. Prog. Phys. Org. Chem.;
Taft, R. W., Ed.; Interscience: NewYork, 1981.

(19) Hearn, M. T. W.; Regnier, F. E.; Wehr, C. T. High Performance Liquid
Chromatography of Proteins and Peptides, 1st ed.; Academic Press:
New York, 1983.

(20) Poole, C. F.; Poole, S. K.; Eds. Chromatography Today; Elsevier:
Amsterdam, 1991.

(21) Snyder, L. R.; Glaijh, J.; Kirkland, J. J. Practical HPLC Method
DeVelopment; Wiley: 1988.

(22) Marcus, Y.; The Properties of SolVents, Wiley Series in Solution
Chemistry; John Wiley and Sons: New York, 1998; Vol. 4.

(23) Foulon, C.; Duhal, N.; Lacroix-Callens, B.; Vaccher, C.; Bonte, J. P.;
Goossens, J. F. Determination of pKa Values of Benzoxa-, Benzothia-
and Benzoselena - Zolinone Derivatives by Capillary Electrophoresis.
Comparison with Potentiometric Titration and Spectrometric Data. Eur.
J. Pharm. Sci. 2007, 31, 165–171.

(24) Gluck, S. J.; Cleveland, J. A. Capillary Zone Electrophoresis for the
Determination of Dissociation Constants. J. Chromatogr. 1994, 680,
43–48.

3020 Journal of Chemical & Engineering Data, Vol. 54, No. 11, 2009



(25) Hasegawa, J.; Fujita, T.; Hayashi, Y.; Iwamoto, K.; Watanabe, J.
Determination of Octanol-Water Partition Coefficients by an HPLC
Method for Anticonvulsant Structure-Activity Studies. J. Pharm.
Pharmacol. 1995, 47, 345–347.

(26) Polster, J.; Lachmann, H. Spectrometric Titrations: Analysis of
Chemical Equilibria; VCH: Weinheim, 1989.

(27) Altun, Y. Study of Solvent Composition Effects on the Protonation
Equilibria of Various Anilines by Multiple Linear Regression and
Factor Analysis Applied to the Correlation between Protonation
Constants and Solvatochromic Parameters in Ethanol-Water Mixed
Solvents. J. Solution Chem. 2004, 33, 477–495.

(28) Altun, Y. Study of Solvent Effects on the Protonation of Functional
Group of Disubstituted Anilines: Factor Analysis Applied to the
Correlation between Protonation Constants and Solvatochromic Pa-
rameters in Ethanol-Water Mixtures. Monatsh. Chem. 2005, 136, 1993–
2006.
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