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Spectrophotometric determination of acidity constants of
4-(2-pyridylazo)resorcinol in binary methanol–water mixtures
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Abstract

The acidity constants of 4-(2-pyridylazo)resorcinol (PAR, Scheme 1) in binary mixtures of methanol–water at 25◦C and
an ionic strength of 0.1 M have been determined spectrophotometrically. DATa ANalysis (DATAN) program applied for
determination of acidity constants. As percent of methanol increases in solvent mixtures the pKa constants also increased.
There is linear relationship between acidity constants and the mole fraction of methanol in the solvent mixtures. Effect of
solvent composition on acidity constants and pure spectrum of each component are also discussed. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The accurate determination of acidity constant
values is often required in various chemical and bio-
chemical areas. These are of vital importance in under-
standing the distribution, transport behavior, binding
to receptors and mechanism of action of certain phar-
maceutical preparation [1,2]. The acidity constants of
organic reagents play a very fundamental role in many
analytical procedures such as acid–base titration, sol-
vent extraction and complex formation. But in deter-
mining of acidity constants of these molecules we are
faced with several drawbacks, such as low solubility
in aqueous solutions and the low values of acidity
constants. Therefore, in order to enhance the acidity
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constants on one hand and to increase the solubility
on the other, we forced to choose mixed solvents.

Mixed solvents are interesting, because two sol-
vents mixed together produce a solvent with quite
different properties, both, physically (dielectric, den-
sity and viscosity) and chemically (acid–base and
donor–acceptor properties). As far as the acid–base
properties are concerned, an important feature is that
the nature of the solvent is crucial for the strength
of acids and bases. In particular, important is the
proton affinity, in other words, the proton-donating
and proton-accepting properties of solvent, as well
as its polarity. In addition, the ionization degree of
solute depends on the dielectric constant of solvent.
Media of high dielectric constants are strongly ioniz-
ing, whereas those of low dielectric constants ionize
to a lesser extent [3]. By mixing solvents of differ-
ent polarity in proper ratios, dielectric constant of
the medium can be varied and, at the same time, the
strength of dissolved acids and bases [4]. It should
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Scheme 1.

also be emphasized that solvent mixtures can be more
convenient than individual solvents owing to en-
hanced solubilising efficiency, increased sharpness of
color change of indicators during titration and more
manageable shape of acid–base titration curves [5,6].

Spectroscopic methods are, in general, highly sen-
sitive and are as such suitable for studying chemical
equilibria solution. If the components involved can be
obtained in pure form, or if their spectral responses
do not overlap, such analysis is, in general, trivial.
For many systems, particularly those with similar
components, this is not the case, and these have
been difficult to analyze. Therefore, to overcome this
problem we have to employ the graphical and compu-
tational methods. Up to the middle of the 1960s, the
evaluation of equilibrium measurements was based
on the different graphical methods. These methods
were reviewed in considerable details by Rossotti
and Rossotti [7]. Starting from middle of the 1960s,
computers acquired ever-greater importance in the
evaluation of equilibrium measurement data using
multiple wavelengths or full spectrum to determining
the stability and acidity constants. The most relevant
reports are on LETAGROP-SPEFO [8], SPECFIT [9],
SQUAD [10] and HYPERQUAD [11]. All these com-
putational approaches are based on an initial proposal
of a chemical equilibrium model defining species sto-
ichiometries and based on mass-action law and mass
balance equations (hard modeling methods) and also
involve least-squares curve-fitting procedures.

The starting point of using soft modeling was
in 1971 that Lawton and Sylvestre [12] introduced
chemometrics-based method for spectral analysis.
These approaches are free from the restriction of the
mass-action law and do not require an initial model of
species to be set up. Recently, Kubista et al. [13,14]
developed a new method, called the physical con-
straints approach, which provides a unique solution
by requiring that the calculated concentrations obey
an assumed equilibrium expression and demonstrates

its applicability by determining the acidity constants
of two and four protolytic forms of fluorescein. A
possible advantage of the Kubista et al. method is
that it mixes a soft modeling approach with a hard
modeling approach. This might be best and more gen-
eral strategy, since it can handle different situations,
with only a partial knowledge of the chemistry of the
system. The physical constraints method calculates
spectral profiles, concentrations and equilibrium con-
stants by utilizing equilibrium expressions that related
the components.

In this work, we applied the physical constraints
approach to determine the acidity constants of PAR
in pure water and in different binary methanol–water
mixtures. Data analysis was carried out in MATLAB
version of the DATa ANalysis (DATAN) program that
was developed by Kubista group.

2. Theory

The theory and application of the physical con-
straints method was discussed by Kubista et al., in
several papers [13–22]. However, the general princi-
pal will be outlined briefly.

Spectra of PAR at different pH values are digitized
and arranged in a data matrixA, which is decomposed
into an orthonormal basis set by NIPALS or any equiv-
alent method [13]:

A = TP′ + E ≈ TP′ =
r∑

i=1

tip′
i (1)

where the orthogonal target vectorsti and orthonor-
mal projection vectorsp′

i are mathematical constructs
that cannot be directly related to component spectra
and concentrations,r is the number of independent
spectroscopic components, which corresponds to the
number of light-absorbing chemical species. It is de-
termined by visual inspection of thet andP′ vectors
or by performing statistical methods, such as,χ2-test
[23–25].E is an error matrix.

By assuming linear responses, the spectra in matrix
A are linear combinations of the concentrations,C, and
spectral responses,V, of the chemical components.

A = CV + E ≈ CV (2)

If the spectral profiles of the components are known,
the concentration of each component can easily be
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calculated, for example, by least squares minimization.
If standards are not available the common belief has
been that the components’ spectral responses cannot
be separated, which precludes their identification. This
is due to ambiguity in determining the rotation matrix,
R, in the following equations; from Eqs. (1) and (2)
follows that there is a square matrixR (r × r) that
satisfies

T = CR (3a)

P = R−1V (3b)

SinceA = CV = C(RR−1)V = (CR)(R−1V) = TP′.
If R can be determined, the spectral responsesV and
concentrationsC of the components can be calculated
from the targetT and projectionP′ matrices:

C = TR−1 (4a)

V = RP′ (4b)

The thermodynamic expression that describes the
components’ concentration is the main constraint
used to determineR, from which thermodynamic
parameters and components’ spectral responses and
concentration are calculated. Therefore, the strategy
for determining the rotation matrixR is as follows.
Concentrations of the chemical species are calculated
from the equilibrium expressions for various trial
values of the equilibrium constants, and are fitted to
the calculated target vectors according to Eq. (3a).
The accuracy of this fit depends crucially on the
trial values of the equilibrium constants, and best fit
determines their values and the elements of matrixR.

3. Experimental section

Extra pure methanol (MeOH, Fluka) was used as
received. Triply distilled deionized water was used
throughout. Reagent grade 4-(2-pyridylazo)resorcinol
(PAR) (Merck), sodium hydroxide (Merck), succinic
acid (Merck), oxalic acid (Merck), lithium hydroxide
(Merck) and potassium nitrate (Merck) were of the
highest purity available and used without further pu-
rification.

All spectra were recorded on a CECIL 9050 spec-
trophotometer. Measurements of pH were made with
a Metrohm 692 pH meter using a combined electrode.

In all experiments, the ionic strength of the solutions
used was kept constant at 0.1 M using potassium ni-
trate as the supporting electrolyte.

To calibrate the pH meter in various binary
methanol–water mixtures used, the 0.01 M solutions
of oxalate and succinate buffers were employed. The
reference values of pH of these buffer solutions in
different methanol–water mixtures have been reported
previously [26].

4. Results and discussion

The electronic absorption spectra of PAR in binary
solvent mixtures at various pH values at 400–600 nm
intervals were recorded. Sample spectra of PAR at
different pH values in pure water and 90% (w/w) of
methanol to water are shown in Figs. 1 and 2, respec-
tively.

The principal component analysis of all absorption
data matrix obtained at various pH shows at least four
significant factors. This claim is, also, supported by
the statistical indicators method that has been recently
developed by Elbergali et al. [27], which has predicted
four distinguishable components in the samples. These
factors could be attributed to the three dissociation
equilibria of a triprotic acid such as PAR. This may not
be concluded by inspection of visible spectra of PAR.

The pKa values of PAR were investigated in 10
different methanol–water binary mixtures spectropho-
tometrically at 25◦C. Acidity constants of PAR in
several mixtures were evaluated using DATAN pro-
gram using the corresponding absorption spectra–pH
data. From inspection of the experimental spectra it
is hard to guess even the number of protolytic species
involved. The calculated four most significant pro-
jection vectors,P′, with clear spectral features, as
compared to noise, evidencing the presence of four
spectroscopically distinguishable components. Their
shapes, however, are clearly unphysical and cannot
be directly related to the spectral response of the
four-protolytic forms.

Output of DATAN program is pKa values, num-
ber of principal components, projection vectors (load-
ings), concentration distribution diagrams and pure
spectrum of each assumed species. The obtained pKa
values are listed in Table 1. The pKa values correspond
to the pH dependent variation of absorption spectra in
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Fig. 1. Absorption spectra of PAR in pure water at different pH values: (1) 2.01, (2) 2.56, (3) 3.00, (4) 3.51, (5) 4.02, (6) 4.50, (7) 5.00,
(8) 5.50, (9) 6.00, (10) 6.50, (11) 7.03, (12) 7.49, (13) 8.00, (14) 8.51, (15) 9.02, (16) 9.54, (17) 9.78, (18) 10.27, (19) 10.72, (20) 11.22,
(21) 11.60, (22) 12.00, (23) 12.41, (24) 12.81, (25) 13.21, (26) 13.67.

all solvent mixtures. There is a good agreement be-
tween the obtained results for pKa values in this work
and previously reported values [28]. One of the very
important output of DATAN is calculated spectrum of
different forms of PAR at each solvent mixture.

The calculated spectra at different solvent mixture
are shown in Fig. 3. It is interesting to note that, the
nature of the solvent composition has a fundamental

Fig. 2. Absorption spectra of PAR in 90% (w/w) methanol to water
binary mixture at different pH values: (1) 1.63, (2) 2.06, (3) 2.57,
(4) 3.54, (5) 4.11, (6) 4.66 (7) 5.06, (8) 5.57, (9) 6.10, (10) 6.57,
(11) 7.12, (12) 7.68, (13) 8.11, (14) 8.57, (15) 9.05, (16) 9.56,
(17) 10.09, (18) 10.54, (19) 11.77, (20) 11.59, (21) 12.01, (22)
12.55, (23) 13.09, (24) 13.52, (25) 13.88.Spectral data of Fig. 2.

effect on each pure spectrum. As it is clear from the
Fig. 3, this effect is more for H3L+ and HL− than H2L
and L2−. The spectrum of H3L+ species has aλmax at
480 nm and a shoulder about 400 nm. The solvent ef-
fect on this spectrum is very interesting. As the weight
percent of MeOH goes up, the absorption intensity at
480 nm decreased and increased at 400 nm. This can
be described using the nonelectrostatic (H-bonding)
property on the stabilization and/or destablization of
ground and excited state of n→ p∗ and p→ p∗ tran-
sitions.

The most important features of distribution dia-
grams are the pH limit of evolving and disappearance

Table 1
Acidity constants of PAR in different methanol+ water mixtures

Methanol (wt.%) Acidity constants

pKa1 pKa2 pKa3

90 2.45 6.82 12.77
80 2.50 6.69 12.68
70 2.57 6.52 12.57
60 2.65 6.35 12.45
50 2.72 6.28 12.40
40 2.80 6.11 12.37
30 2.88 5.97 12.22
20 2.90 5.86 12.21
10 3.01 5.80 12.11
0 3.07 5.50 12.04
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Fig. 3. The pure absorption spectra of different form of PAR, H3L+ (1), H2L (2), HL− (3), L2− (4).

of components. So according to distribution dia-
grams it is may conclude that the spectra at smaller
pH than 2.5 assigned to H3L+ form because this
form is dominated at this range. At pH 3–5.5 in-
terval the H2L form is dominated and hence the

spectra mostly attributed to this form. The HL−
and L−2 forms appeared at pH intervals 6–12.5
and pH > 12.5, respectively. Samples of ob-
tained distribution diagrams are shown in Figs. 4
and 5.
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Fig. 4. Distribution of major species of PAR, H3L+ (1), H2L (2), HL− (3), L2− (4), as a function of pH for the spectral data of Fig. 1.

Fig. 5. Distribution of major species of PAR, H3L+ (1), H2L (2), HL− (3), L2− (4), as a function of pH for the spectral data of Fig. 2.
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The data shown in Table 1 clearly illustrate the im-
portant influence of the nature of the solvent on the
dissociation reaction. Acidity constants of second and
third step of dissociation of PAR decreases with in-
creasing the mole fraction of methanol in the mixed
solvents. It has been shown that the solvating ability
[29] (as expressed by the Gutmann donicity scale) and
dielectric constant of the solvent play a fundamental
role in dissociation reactions. Water is a solvent of
high solvating ability, (i.e. donor number DN= 33,
[30] and dielectric constantε = 78) which can dis-
sociate the acid and stabilize the produced anion and
hydrogen ion. Thus, it is expected that addition of
methanol with lower donor number and dielectric con-
stant (DN= 19, ε = 32.6) to water decreases the ex-
tent of interaction between the acid anion and proton
with solvent, and this decreases the acidity constants
of acid.

It is interesting to note that there is actually a lin-
ear relationship between the pKa of three dissociation
steps (first step decreases and second and third steps

Fig. 6. Variation of acidity constants values of PAR withXMeOH in binary mixtures.

increases) and the mole fraction of methanol (XMeOH)
in the binary mixed solvents used in Fig. 6. The same
trend has already been reported for various organic
molecules in different solvent mixtures [1,2]. It has
been reasonably assumed that preferential solvation of
the charged particles by water is mainly responsible
for such a monotonic dependence of the acidity con-
stants of the PAR on the solvent composition.

It is clear that, the dissociation of an uncharged acid
in a solvent requires the separation of two ions of op-
posite charges. The work required to separate these
charges is inversely proportional to the dielectric con-
stant of the solvent. The energy required for dissoci-
ation is supplied by solvation of the ions and also the
proton transfer from acid to the solvent molecule sup-
plies an additional energy. If the dielectric constant
and the solvating ability of the solvent is decreased,
more energy will be required to separate the anion
and cation and consequently the extent of dissocia-
tion of acid will be lowered. Therefore, the increase
in first step and the decrease in second and third step
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of dissociation constants is due to increasing the mole
fraction of methanol in the binary mixed solvent.
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