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Abstract

A multiwavelength spectrophotometric titration method was applied to study the protolytic constants of 4-(2-pyridylazo) resorcinol(PAR),
in binary DMF + water mixtures. UV–vis absorption spectra of PAR solution were recorded in the course of pH-metric titration of acidic
solutions of PAR with standard base solution. The protolytic equilibrium constants, spectral profiles, concentration diagrams and also the
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umber of components have been calculated from the fitting of the pH-spectral titration data with appropriate mass balance equ
ome written program according to an established target factor analysis. To precise determination of number of absorptive co
ecently developed statistical indicator function (IND function) was used. A glass electrode calibration procedure based on a four
quation pH= α + SpcH + JH+ [H+] + JOH−Kw/[H+] based on the Gran’s plots was used to obtain pH readings in the concentratio
pcH). It has been observed that there is an inverse relationship between second and third protolytic constants and mole fraction o
ffect of the solvent on the protolytic constants was discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Acid dissociation constants are useful physico-chemical
roperties describing the extent of ionization of functional
roups with respect to pH. These parameters are important

n research areas such as acid–base titration, solvent extrac-
ion, complex formation, and ion transport. It has been shown
hat the acid–base properties affect the toxicity[1], chromato-
raphic retention behavior, and pharmaceutical properties of
rganic acids and bases. Much of the theoretical foundation
f modern organic chemistry is based on the observation of

he effects on acid–base equilibrium of changing molecular
tructure[2,3].

It has been shown that the spectrophotometric methods are
uitable for determining protolytic constants of compounds
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which are contains chromophore(s) and ionizable cen
such that the protonated and deprotonated forms[4].

The spectroscopic instrumentation used today, how
almost invariably has the capacity to collect data in a
spectral range. Using a single or a few wavelengths dis
most of the information in the collected spectra and req
both the presence of and knowledge of such suitable w
lengths. However, in many cases, the spectral respon
components overlap and analysis is no longer straightfor
[5,6]. The predefined model, known as hard-modeling a
ysis, cannot be applied if crucial information is missing. S
modeling or model free approaches are based on much
general prerequisites, such as positive molar absorbance
itive concentration of all species, unimodality of concen
tion profiles, and closure (concentration of all species ar
same for all solutions). Naturally, if the strengths of hard-
soft-modeling methodologies are combined, a much m
powerful method of data analysis can be expected[7–9]. The
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principle component analysis along with different curve res-
olution method[10–20]have been applied to spectral data to
extract information utilizing a large number of absorbances
measured at different wavelengths. In continuation of previ-
ously reported works[21,8], in this paper, we want to present
a hard and soft combining model to determine the protolytic
constants of PAR in DMF + water binary mixtures by spec-
tophotometric titration. As DMF–water mixtures can be used
in several research works especially as carrier phases in liq-
uid chromatography these types of data may be very helpful
and as good criteria to choose and apply appropriate solvents
mixtures.

2. Theory

The spectra of 4-(2-pyridylazo)resorcinol [CAS RN 1141-
59-9] (PAR, I) at different pH values are digitized and ar-
ranged in a data matrixX with size of ns× nw, wherens
denotes the number of spectra andnw the number of wave-
lengths for which absorbances were recorded.
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Target testing has been applied to a variety of problems
and proved to be a useful technique[25–30]. So, according to
a standard target testing procedure,[25] if Eq. (5) is inserted
in Eq. (3), we obtain a matrixCcalc and then the residual
matrixesCres andTres, calculated as:

Cres = Csim − Ccalc = Csim − TR−1 (6)

TR−1 = Csim − T (T TT )
−1

T TCsim (7)

Tres = T − Tcalc = T − CsimR (8)

TheCres andTres can be used in different ways in an ob-
jective function that has a minimum forCsim, that is, for a
Csim calculated using the correct equilibrium constants. A
computer program based upon the Levenberg–Marquardt al-
gorithm[31] was written in MATLAB (Mathworks, version
6.5) and used to refine the acidity constants.

3. Experimental

The pure reagent PAR, acetic acid, boric acid, phospho-
ric acid, sodium hydroxide, hydrochloric acid and potassium
nitrate were all from Merck Company and extra pure DMF
Fluka Company was used as received. The absorption spec-
tra were recorded using a Camspec M330 spectrophotometer.
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Under the assumption of bilinearity,X can be describe
y the concentration profiles (ci , ns× 1) and the pure analy
pectra (ai , 1× nw) according to:

=
nc∑

i=1

aici = CA + E1 (1)

herenc is the number of chemical components.E1 is the
esidual matrix and should contain only noise. Principal c
onent analysis decomposes the spectral data matrix
coreT and a loading matrixP (PT is the transpose ofP):

= TPT + E2 (2)

With the correct number of principal components, tha
qual tonc [22–24]E2 is a residual matrix and contains
ignificant information. Since the concentration and spe
rofiles are a linear combination of theT andP matrixes

hus,

= TR−1 (3)

= RPT (4)

n whichR (nc × nc) is a square transformation matrix. Fr
known (or tested) system of equilibrium equations des

ng the system and the trial values of equilibrium consta
oncentration profilesCsim,i (ns× 1) for all species and p
alues can be calculated. The concentration vectors f
pecies are gathered in a matrixCsim, and a least-squares

s performed (cf. Eq.(3)):

−1 = (T TT )
−1

T TCsim (5)
he pH measurements were made using a Metrohm 69
eter equipped with a glass calomel combined elect
he solutions of 0.01 M oxalate and succinate buffers w
mployed to precalibrate the pH meter in the various bi
MF + water mixtures. A stock solution (∼2.0× 10−5 M) of
AR was prepared. All titrations were performed unde
on atmosphere at 25◦C using standardized HCl and NaO

itrants. In all experiments, the ionic strengths of the solut
sed were kept constant at 0.1 M using potassium nitra

he supporting electrolyte.
The pH values in DMF + water solvent mixtures were c

ected using the Four-PlusTM procedure for glass electro
alibrations in both aqueous and semi-aqueous media.
itrations of known concentration of PAR were performe
–80% of DMF, using NaOH solution. The operational
cale was established by calibrating the pH measuring
uit with a mentioned buffers and assuming the Nernst s
ll data reported in this study are based on the concentr
cale with respect to an ionic strength 0.1 M and 25◦C. As the
roton concentrations generated from strong acid–base

ions can be readily calculated, the concentration pH v
pcH = −log[H+]) is related to the operational pH reading
he equation as given below[4].

H = α + SpcH + JH+ [H+] + JOH−
Kw

[H+]
(9)

he α term corresponds to the negative logarithm of
ctivity coefficient of H+ at working temperature and ion
trength. TheSterm denotes the ratio between the actual s
nd the Nernst slope. TheJH term corrects pH readings for t
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non-linear pH response due to liquid junction and asymmetry
potentials in moderately acidic solution (pH 1.5–2.5), while
theJOH term corrects for any high-pH (pH≥ 11) nonlinear
effects. These parameters are determined by a weighted non-
linear least squares procedure and the results showed a good
agreement with the result of such fitting with solver tool pack
of Excel. For aqueous titrations, the ionization constants of
water (Kw) as a function of temperature and ionic strength,
were taken from Sweeton et al.[32]. For semi-aqueous
titrations, literature values ofK’s (the ionization constants of
water in the solvent–water mixtures) were utilized from ref-
erences[33,34]. In processing the titration data, contribution
from carbonate was incorporated into the calculations. The
acid dissociation constants of carbonic acid in solvent–water
mixtures were determined iteratively in parallel with the
parameters as defined in Eq.(9). Gran’s plots were used to
find the end point of the calibration titrations[35].

4. Results and discussion

The electronic absorption spectra of PAR in binary sol-
vent mixtures at various pH values at 350–600 nm interval
were recorded. Sample spectra of PAR at different pH val-
ues in pure water and 60 vol.% DMF to water are shown in
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Fig. 2. Absorption spectra of PAR in 60 vol.% DMF at different pH.

the number of protolytic species involved. The four calcu-
lated most significant projection vectors with clear spectral
features (as compared to noise) is an evidence of the pres-
ence 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. Outputs of the program are pKa values and their stan-
dard deviation, the number of principal components, projec-
tion vectors (loadings), concentration distribution diagrams,
and the pure spectrum of each assumed species. The obtained
pKa values are listed inTable 1. The pKa values correspond
to the pH dependent variation of absorption spectra in all sol-
vent mixtures. The previous reported values of acidity con-
stants are mainly in definite mixtures of DMF, methanol, and
ethanol with water. The obtained values in pure water are in
good agreement with previous values,[8,21,37,38]which are
listed inTable 1for comparison. Since chemometrics based
methods, by using the whole spectral domain, reduce consid-

of PAR
igs. 1 and 2, respectively. The principal component ana
f all absorption data matrices obtained at various pH va
hows at least four significant actors that also supporte
he statistical indicators of Elbergali et al.[36]. These fac
ors could be attributed to the three dissociation equilibr

triprotic acid such as PAR. The pKa values of PAR wer
nvestigated in nine different DMF + water binary mixtu
pectrophotometrically at 25◦C. Protolytic constants of PA

n several mixtures were evaluated using the above algo
sing the corresponding spectral absorption–pH data.

nspection of the experimental spectra, it is hard to guess

Fig. 1. Absorption spectra
 in pure water at different pH.
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Table 1
Protolytic constants of PAR at different percentage of DMF at 25◦C and
constant ionic strength (0.1 M KNO3)

pK3 pK2 pK1 Mole fraction
of DMF

vol.%

11.99± 0.05 5.50± 0.07 3.03± 0.17 0
12.04a 5.50a 3.07a

12.30± 0.10b 5.46± 0.02b 3.09± 0.02b

11.95c 5.50c 3.03c

11.98d 5.56d 3.02d 0.00
12.14± 0.04 5.91± 0.05 2.82± 0.09 0.025 10
12.39± 0.04 5.78± 0.03 2.79± 0.05 0.055 20
12.32± 0.08 5.72± 0.05 2.71± 0.09 0.091 30
12.62± 0.03 6.38± 0.04 2.70± 0.06 0.135 40
12.60± 0.05 6.35± 0.06 2.66± 0.10 0.189 50
13.01± 0.03 6.81± 0.04 2.61± 0.11 0.260 60
13.05± 0.06 6.94± 0.06 2.40± 0.16 0.353 70
12.90± 0.10 7.11± 0.21 2.29± 0.28 0.484 80

a Ref [8].
b Ref [21].
c Ref. [37].
d Ref. [38].

erably the level of noise so the obtained protolytic constants
could be more reliable and precise than those have been cal-
culated using the previous classical methods. One of the very
important outputs of the algorithm is the calculated spectrum
of different forms of PAR in each solvent mixture. The cal-
culated spectra of all species in 10 and 60% solvent mixtures
are shown inFig. 3. It is interesting to note that the nature
of the solvent composition has a fundamental effect on each
pure spectrum. There is aλmax at 490 nm and a shoulder at
about 410 nm in the spectrum of L2−.

The solvent effect on this spectrum is very interesting.
There are characterized hydrogen bonds between the oxygen
site of DMF and hydrogen of water[39]. This hydration
affects on the stabilization of the DMF molecule in aque-
ous solution. As the mass factor of DMF increased, the
absorption intensity at 490 nm decreased and that at 410 nm
increased. This can be described using the nonelectrostatic
(H-bonding) property of the stabilization and/or destabi-
lization of the ground and excited states of then→ �* and
� → �* transitions. The most important features of the
distribution diagrams are the pH limits of the evolving and
disappearing of components. The distribution diagrams of
PAR species at 10 and 60% are shown inFig. 4.

The pKa values of PAR obtained in DMF–water mixtures
increase with percentage of DMF. These variations could be
explained by the fact that there is preferential solvation in
t these
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Fig. 3. Pure spectra of PAR species in the various mixtures of DMF + water:
H3L+, H2L, HL−, L2−.

on the composition of the mixtures indicates that the solvent
composition in the neighborhood of the solute may be dif-
ferent from that in the bulk. As discussed above, the data
shown inTable 1clearly illustrate the important influence
of the nature of the solvent on the dissociation reactions. It
has been shown that the solvating ability[41] (as expressed
by the Guttmann 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 = 33.0) and dielectric constant (ε= 78) which can disso-
ciate the acid and stabilize the produced anion and hydrogen
ion. Thus, it is expected that addition of DMF with lower
donor number (DN = 26.0) and dielectric constant (ε= 44.0)
to water decreases the extent of interaction of the acid an-
ion and the proton with solvent, and this decreases the first
protolytic constant and increasing the second and third steps.
The change in the acidity constants versus the percentages
of DMF in the binary mixed solvents are shown inFig. 5.
The same trend has already been reported for various organic
molecules in the numbers of organic solvents[42,43]. 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 constants of PAR on
hese media that is related to the structural features of
ixtures. The composition of the immediate surrounding
solute may differ from the composition of the bulk mixtu
referential solvation is attributable to an excess or defici
f molecules of one of the solvents in these surroundings[40].

f the solute displays no preference for the solvent molec
he solvent composition in the primary coordination she
he immediate neighborhood of the solute, is the sam
hat in the bulk. The deviation from the ideal depende
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Fig. 4. Distribution diagram of different species of PAR in different
DMF + water mixtures: H3L+, H2L, HL−, L2−.

the solvent composition. It is clear that the dissociation of
an uncharged acid in a solvent requires the separation of two
ions of opposite charges. The work required to separate these
charges is inversely proportional to the dielectric constant of
the solvent. The energy required for dissociation is supplied
by solvation of the ions, and also the proton transfer from
acid to the solvent molecule supplies an additional energy. If
the dielectric constant and the solvating ability of the solvent
are decreased, more energy will be required to separate the
anion and cation, and consequently the extent of dissociation
of the acid will be lowered. Therefore, the decrease in theKa
of the first step and the decrease in those of the second and
third steps are due to increasing the mole fraction of DMF in
the binary mixed solvent.

F ix-
t

Table 2
Acidity constants of PAR in two selected mole fraction of acetonitrile (AN),
DMF and methanol (MeOH) in water

Solvent Mole
fraction

Donor
number (DN)

Dielectric
constant (�)

pKa1 pKa2 pKa3

ANa 0.158 14.0 36.0 2.47 6.27 13.00
0.396 2.43 9.94 14.50

MeOHb 0.124 19.0 32.6 2.90 5.86 12.21
0.458 2.65 6.35 12.45

DMF 0.135 26.0 38.3 2.70 6.38 12.62
0.353 2.40 6.94 13.05

a Ref. [21].
b Ref. [8].

The same trends are obtained from the determination
of acidity constants of PAR in methanol–water[8] and
acetonitrile–water[21] binary mixtures.Table 2 lists the
acidity constants of PAR for comparison at two selected mole
fractions for three of organic solvents and also the physical
properties such as dielectric constants and donor numbers.
The variations of the acidity constants, at selected mole frac-
tions, (the mole fraction are chose close as much as possible to
each other for better comparing, of the all mentioned organic-
water solvent systems) are according to variation in the donor
number and also dielectric solvents. As it is clear by addition
of all organic solvents to water the second and third ioniza-
tion steps decreased and also the first step increased. The
amounts of the variations are fully depending on the extent
of the differences of physical parameters (donor number and
dielectric constant) of the added organic solvents with water.
Of course, as described above, the changing to solvation abil-
ity which controls the equilibrium constants are influenced
by the changing to the bulk properties as such dielectric con-
stant and donor number which these in turn has drastic effect
on the solvation shell or coordination shell compositions.
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