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Spectrophotometric and potentiometric equilibrium measurements of hydrogen ion concentration have been
employed for the determination of acidity constants of (E)-N′-(2-hydroxy-3-methoxybenzylidene)benzohy-
drazide (H2L) in 0.9 volume fraction of methanol solution at (25.0 ( 0.1) °C and an ionic strength of 0.10
M tetraethylammonium bromide (TEAB). In the spectrophotometric method, only the acidity constant of
the hydroxy group that is directly attached to the aromatic ring (phenolic group) was determined, whereas,
by the potentiometric method, the acidity constants of both hydroxy groups could be determined. The pKa1
values obtained for the first acidity constant by both techniques, potentiometry and spectrophotometry, are
9.03(( 0.05) and 9.07(( 0.04), respectively, which are in good agreement. The pKa2 value obtained for the
second acidity constant by potentiometry is 10.92(( 0.07). The complexation reaction of the ligand with
Fe(III) ions in 0.9 volume fraction of methanol solution was also investigated by both the spectrophotometric
and potentiometric methods. Ferric ions form only the ML type complex with this ligand. The stoichiometry
of the complex was also determined by Job’s method.

Introduction

The acidity constants of a compound influence many of its
characteristics such as reactivity and spectral properties (color).
In biochemistry, the pKa values of proteins and amino acid side
chains are of major importance for the activity of enzymes and
the stability of proteins. The acidity constants also play a very
fundamental role in many analytical procedures such as
acid-base titrations, solvent extraction, and complex formation.1,2

Sometimes in determining the acidity constants of a compound,
we are faced with several drawbacks, such as low solubility in
aqueous solution and the low values of acidity constants.
Therefore, to enhance the acidity constants on one hand and to
increase the solubility on the other, we should choose mixed
solvents.3 By mixing solvents of different polarity in proper
ratios, the dielectric constant of the medium as well as the
strength of dissolved acids and bases can be varied.4-6 The
accurate determination of acidity constant values is often needed
in various chemical and biochemical areas. These are of vital
importance in understanding the distribution, transport behavior,
binding to receptors, and the mechanism of action of certain
pharmaceutical preparations.

Hydrazones are a kind of Schiff base with the general formula
RR′CdN-NR′′R′′′ , which are used as intermediates in synthe-
sis, as functional groups in metal carbonyls,7 in organic
compounds,8,9 and in particular in hydrazone Schiff base
ligands,10-13 which are among others employed in dinuclear
catalysts.6 Furthermore, hydrazones exhibit physiological activi-
ties in the treatment of several diseases such as tuberculosis.
This activity is attributed to the formation of stable chelate
complexes with transition metals, which catalyze physiological
processes.14 They also act as herbicides, insecticides, nemato-
cides, rodenticides, plant growth regulators, and sterilants for
houseflies.14 In analytical chemistry, hydrazones find applica-

tions as multidentate ligands for transition metals in colorimetric
or fluorimetric determinations.15,16

In this study, the acidity constants of the hydrazone Schiff
base, (E)-N′-(2-hydroxy-3-methoxybenzylidene)benzohydrazide,
H2L (Scheme 1), were calculated via the potentiometric and
spectrophotometric methods in 0.9 volume fraction of methanol.
The formation constant of the (E)-N′-(2-hydroxy-3-methoxy-
benzylidene) benzohydrazide-ferric ion system was also cal-
culated using the BEST program17,18 via the potentiometric
method in 0.9 volume fraction of methanol. This program is
for the refinement of formation constants on complex systems
containing any number of interacting components. In the
spectrophotometric method, the EQUISPEC program19,20 was
used to calculate the formation constant of the (E)-N′-(2-
hydroxy-3-methoxybenzylidene)benzohydrazide-ferric ion sys-
tem. This program is a computer program using the matrix-
based MATLAB environment for the second-order global
analysis of spectrophotometric equilibrium data.

Experimental Section

Reagents. All reagents were of analytical grade from Merck
or Fluka and used without further purification. The KOH* Corresponding author. E-mail: makamyabi@gmail.com.

Scheme 1. Tridentate Hydrazone Schiff Base Ligand
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solution was standardized by potassium hydrogen phthalate.
Triply distilled water was used in the preparation of all solutions.
Synthesis of (E)-N′-(2-hydroxy-3-methoxybenzylidene)benzo-
hydrazide was prepared according to the reported procedure.21

Apparatus. The pH measurements were carried out with a
780 Metrohm pH-meter (Metrohm Ltd., CH-9100-Hersau,
Switzerland) using a combined glass electrode. Temperature was
maintained at (25.0 ( 0.1) °C by circulation of thermostatted
water through the jacket. In these pH measurements, nitrogen
purge gas was used to remove CO2. An Eppendorf micropipette
(( 0.6 %) was used for the addition of a standard base to the
solution. A Thermospectronic model R, UV-vis spectrometer
with 1 cm quartz cells was used for recording and storage of
UV-vis absorbance spectra.

IR spectra were recorded in KBr disks with a Matson 1000
FT-IR spectrophotometer. An 1H NMR spectrum of the ligand
in DMSO-d6 solution was recorded on a Bruker 250 MHz
spectrometer, and chemical shifts are indicated in parts per
million relative to tetramethylsilane.

Procedure for Calculation of Kw in Methanol-Water
Mixture. Before each experiment, it is necessary to calibrate22-26

the pH meter and electrode system in terms of pH. For
determination of Kw in the methanol-water mixture, at an ionic
strength of 0.10 M TEAB and t ) (25.0 ( 0.1) °C, the cell
was charged with 5.0 mL of 0.10 M HCl, 5.0 mL of 1.00 M
TEAB, and the appropriate volume of methanol and water until
the total volume was equal to 50.0 mL. The cell was capped
(letting inert gas flow), equilibrated until pH drifts were < 0.001
unit/5 min (usually between 5 min and 0.5 h), and titrated with
standard KOH (which is prepared in a 0.9 volume fraction of
methanol). The ion product (Kw ) [H+][OH-]) was determined
in the mixture by several series of [OH-] and p[H+] measure-
ments. The p[H] was measured with a pH-meter, while [OH-]
was calculated from the amount of base added to the solution.
Kw and then pKw were calculated. The pKw value that was
obtained was 14.12 for a 0.9 volume fraction of methanol.

Procedure for Calculation of pKa Wia Potentiometry. In a
potentiometric study, Martell’s computer program17,22-26 was
used to calculate the acidity constants of the (E)-N′-(2-hydroxy-
3-methoxybenzylidene)benzohydrazide. The acidity constants
were determined by titrating 50.0 mL of (4.00 · 10-5 to
1.00 ·10-3) M analyte with KOH, and the ionic strength of the
solution was adjusted with 0.10 M TEAB. The temperature was
maintained at (25.0 ( 0.1) °C by circulation of thermostatted
water through the jacket. Before doing each titration, the solution
was allowed to equilibrate until pH drifts < 0.001 unit/5 min
(usually between 5 min and 0.5 h) were obtained. N2 gas was
pumped through the solution to remove CO2. During the
titration, the pumping of N2 was continued above the solution.
The titroprocessor was calibrated to read hydrogen ion concen-
tration. To obtain each pKa value, at least five titrations were
made, and each titration had almost 30 to 40 points.

Procedure for Stability Constant Calculation. In this study,
different M:L solution ratios were examined as shown in Table
1. Typical concentrations of experimental solutions are in the
order of 1.00 ·10-5 M to 1.00 ·10-4 M metal ion and several
times the molar equivalent concentrations of ligand in 50 mL
of solution. The ionic strength of each solution was adjusted to
0.10 M by the addition of the appropriate amount of TEAB.
The temperature was maintained at (25.0 ( 0.1) °C by
circulation of thermostatted water through the jacket. Before
doing each titration, the solution was allowed to equilibrate until
pH drifts < 0.001 unit/5 min (usually between 5 min and half
an hour) were obtained. Carbon dioxide was excluded from the

reaction mixture by maintaining a slight positive pressure of
purified nitrogen in the reaction cell. During the titration, the
pumping of N2 was continued above the solution. A solution
of carbonate-free KOH was used as a titrant. The pH profiles
obtained consisted of approximately 35 to 40 pH measurements
vs moles of standard base per moles of ligand in the experi-
mental solution. The BEST computer program17,22-26 has been
used to calculate the stability constant of (E)-N′-(2-hydroxy-3-
methoxybenzylidene)benzohydrazide with the ferric ion.

In spectrophotometric studies, several series of titrations
containing different M:L ratios at a constant ionic strength of
0.10 M TEAB were performed (Table 2). The spectra (baseline
corrected) of the samples were recorded from (250 to 650) nm
at 1 nm intervals. The EQUISPEC program19,20,23,26 was used
for the determination of the acidity and stability constants.

Results and Discussion

Potentiometric Method. In potentiometry, the refinement of
the acidity constant is the process where the computer adjusts
parameter(s) with a programmed algorithm to obtain the best
possible least-squares fit of the calculated data to the observed
data. σfit, which is a measure of the weighted sum of the squares
of pHcalcd - pHobsd, is a measure of the goodness of fit. The
purpose is to minimize σfit through refinement of the param-
eter(s). The program BEST has evolved into a very useful and
friendly interactive program which, although basically designed
to solve for the set of equilibrium constants corresponding to
the model selected, has features that make it possible to explore
all aspects and variations of the model. The algorithm for
computing equilibrium constants in the BEST program17,22 is
the following sequence: (1) start with a set of known and
estimated overall stability constants and compute [H+] at all
equilibrium points and (2) compute the weighted sum of squares
of the deviations in p[H] as in eq 1

Table 1. Experimental Conditions of the Experiments Performed at
µ ) 0.10 M TEAB and t ) (25.0 ( 0.1) °C in 0.9 Volume Fraction
of Methanol

technique M:L ratio CL CM pH range
no. of
spectra

Potentiometric
A 0 1.00 ·10-3 0.0 5.20 to 11.20 - --
B 0 4.00 ·10-4 0.0 5.20 to 11.20 - --
C 0 4.00 ·10-5 0.0 5.20 to 11.20 - --
D 2:1 1.00 ·10-4 2.01 ·10-4 - - - - --
E 1:1 1.00 ·10-4 1.00 ·10-4 5.20 to 11.30 - --
F 1:1 1.00 ·10-5 1.00 ·10-5 5.20 to 11.30 - --
G 1:2 2.00 ·10-4 1.00 ·10-4 5.20 to 11.02 - --
H 1:4 4.00 ·10-4 1.00 ·10-4 5.20 to 11.20 - --
I 1:8 4.00 ·10-4 5.00 ·10-5 5.20 to 11.00 - --
J 1:10 2.00 ·10-4 2.00 ·10-5 5.20 to 11.40 - --

Spectrophotometric
K - - - 3.00 ·10-5 - - - 1.52 to 11.56 17
L - - - 1.50 ·10-5 - - - 1.60 to 11.60 15
M 1:1 1.00 ·10-5 1.00 ·10-5 1.60 to 6.00 15
N 1:1 2.00 ·10-5 2.00 ·10-5 1.45 to 6.20 16
O 1:2 3.00 ·10-5 1.50 ·10-5 1.59 to 11.00 17
P 1:3 3.00 ·10-5 1.00 ·10-5 1.58 to 11.32 15
Q 1:6 6.00 ·10-5 1.00 ·10-5 1.35 to 10.66 14
R - - - 1.00 ·10-5 0.0 to 1.60 ·10-5 10.00 12

Table 2. Acidity Constants and Stability Constant of
(E)-N′-(2-Hydroxy-3-methoxybenzylidene)benzohydrazide with the
Ferric Ion at 0.1 M TEAB, t ) (25.0 ( 0.1) °C, in 0.9 Volume
Fraction of the Methanol-Water Mixture

K spectrophotometry potentiometry

pKa1 9.07 (( 0.04) 9.03 (( 0.05)
pKa2 - - - 10.92 (( 0.07)
log (KML) 6.60 (( 0.07) 6.52 (( 0.09)
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U)Σw(p[H]obsd - p[H]calcd)
2 (1)

where w ) 1/(p[H]i+1 - p[H]i-1)
2, a weighting factor that serves

to lessen the influence of the less accurate p[H] values in the
steeply sloped regions of the p[H] profile on the calculation;
(3) adjust the unknown stability constants and repeat the
calculations with the algorithm, which reproduces pH values
according to the physicochemical model fitted and minimizes
the sum of the weighted calculations until no further minimiza-
tion of U (i.e., the Σ fit has been minimized) can be obtained,
thus providing the final calculated � values. The standard
deviation in pH units is obtained by the use of eq 2.

σfit )Σ(U ⁄ N)1⁄2 (2)

where N ) Σw.
The hydrazone Schiff base, (E)-N′-(2-hydroxy-3-methoxy-

benzylidene)benzohydrazide, shows a keto-enol tautomerism,
as illustrated in Figure 1. On the basis of this tautomerism, this
ligand has two acidic hydrogens (in enol form), which can be
measured by the potentiometric method. The X-ray structural
analysis of the Cu(II) complex of this ligand shows coordination
of the doubly deprotonated hydrazone Schiff base dianion (L2-)
to copper through the 2-hydroxy, hydrazone nitrogen, and
benzocarboxide group.27

The pKa values of the hydrazone Schiff base, (E)-N′-(2-
hydroxy-3-methoxybenzylidene)benzohydrazide, were calcu-
lated in methanol-water mixture solutions. Experimental
conditions of the experiments performed at µ ) 0.10 M TEAB
were t ) (25.0 ( 0.1) °C in 0.9 volume fraction of methanol
(samples A-C in Table 1). The results using the potentiometric
method are given in Table 2.

In this potentiometric study, different M:L solutions of the
ligand and metal ion were examined (samples D-J in Table
1). As Table 1 shows, solutions with more than 2.00 ·10-4 M
concentration of ferric ion precipitate in pH’s higher than 5.
For this reason, we lowered the concentration of the metal ion,
and then to have significant interaction between the metal ion
and the ligand, higher concentrations of the ligand relative to
the metal ion were used (i.e., M:L equal to 1:4, 1:8, and 1:10).
These data then were used to obtain the stability constants of
the system. In this method, it was found that in the pH range
5.0 to 11.5 only the ML species is formed. The result is given
in Table 2.

Spectrophotometric Method. In spectrophotometry, hard-
modeling approaches solve Beer-Lambert’s law assuming the
fulfillment of the mass-action law and a particular chemical
model, in which a set of chemical species in equilibrium are
defined by their composition, stoichiometries, and equilibrium
constants. By use of the EQUISPEC program, the formation
constants were determined.19,20,23,26 The EQUISPEC procedure
is a second-order global analysis that simultaneously analyzes
a number of spectrophotometric titrations with different initial

concentrations; therefore, conditions for the significant formation
of each species can be obtained.

Figure 2 shows the UV-vis spectra of the (E)-N′-(2-hydroxy-
3-methoxybenzylidene)benzohydrazide (sample K in Table 1).
The electronic absorption spectra of this hydrazone Schiff base
show mainly two bands. The shorter wavelength band, appearing
at low pH values (pH < 6), represents absorption of the
nonionized species, while the longer wavelength band, observed
at higher pHs (> 8.5), is due to the absorption by ionized
species. On increasing the pH of the medium, the absorbance
of the former band decreases while that of the latter band
increases, so that a fine isosbestic point is achieved, and denoting
existence of equilibrium of the type

H2LhHL-+H+ (3)

In other words, since a phenolic group possesses an absor-
bance in the vicinity of 305 nm, while the conjugate phenolate
group absorbs at around 385 nm (i.e., ∼80 nm longer in
wavelength), the UV-vis probe is responsive only to the phenol
to phenolate conversion.26 The first acidity constant of the (E)-
N′-(2-hydroxy-3-methoxybenzylidene)benzohydrazide was de-
termined spectrophotometrically, and the result is given in Table
2. The values obtained for the first acidity constant by both
techniques (potentiometry and spectrophotometry) are in good
agreement.

The titration spectra of the (E)-N′-(2-hydroxy-3-methoxy-
benzylidene)benzohydrazide with ferric ion (experiment sample
R in Table 1) at a pH of 10.00 are given in Figure 3. As these
electronic spectra show, the hydrazone Schiff base-ferric ion
system shows two bands. The shorter wavelength band (the
shoulder near 350 nm) is due to the absorption by complex ML,
whereas the longer wavelength band (i.e., 390 nm) was observed
at an M/L ratio near zero (i.e., ligand alone). On increasing the
metal concentration of the medium, the absorbance of the former
band increases while that of the latter band decreases, where a
fine isosbestic point is achieved. The peak near 300 nm is due
to ferric salt and increases as the metal ion concentration
increases.

Figure 1. Keto-enol tautomerism of the (E)-N′-(2-hydroxy-3-methoxy-
benzylidene)benzohydrazide.

Figure 2. UV-vis spectra of (E)-N′-(2-hydroxy-3-methoxybenzylidene)ben-
zohydrazide at 0.1 M TEAB. pH values are as follows: 1, 1.520; 2, 1.652;
3, 1.777; 4, 2.450; 5, 2.795; 6, 2.938; 7, 3.458; 8, 4.405; 9, 6.998; 10,
7.373; 11, 8.350; 12, 9.051; 13, 9.591; 14, 10.141; 15, 10.671; 16, 11.211;
17, 11.560.
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In the spectrophotometric method by using the EQUISPEC
program and spectra in different mole ratios of M:L (samples
K to R in Table 1), the stability constants of species in this
system were calculated. Since in this system the ferric ion
precipitates at a hydroxide above pH 5.0, to have no precipitate
and receive detectable absorbance, we had to use a very low
concentration of ferric ion and a higher concentration of ligand
during the titration of the mixture with KOH solution. By using
the EQUISPEC program, the results show that only the ML
species is present (i.e., mole ratio M:L is equal to 1:1) in this
system (Table 2). The continuous variation method, which is
illustrated in Figure 4, confirmed this mole ratio of 1:1. The
results in Table 2 show that the two methods of potentiometric
and spectrophotometric are comparable and are in good agree-
ment with each other.

A distribution diagram of (E)-N′-(2-hydroxy-3-methoxyben-
zylidene)benzohydrazide in 0.9 volume fraction of methanol is
shown in Figure 5. Because of low acidic constants of this
compound, the HL- and L2- species are present at high pH

values. As this figure shows, H2L and HL- are the main species
in the pH range 2.0 to 10.0, and the other species exist only at
higher pH’s.

Conclusions

In this work, we characterized that the M:L ratio of this
complex is 1:1 and the stability constant of the complex was
determined by the spectrophotometric and potentiometric meth-
ods at 25.0 °C and at an ionic strength of 0.10 M TEAB in 0.9
volume fraction of methanol. The results of the two methods
are comparable with each other.
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