
Physicochemical Studies on 4-(4′-Phenyl-2′-thiazolylazo) Resorcinol and Its
Complexation with Some Metal Ions

F. I. El-Dossoki*,† and F. A. El-Seify‡

Chemistry Department, Faculty of Science and Faculty of Engineering, Suez-Canal University, Port-Said, Egypt

The ligand 4-(4′-phenyl-2′-thiazolylazo)-resorcinol (L) was prepared. The ionization constants of the ligand
(pKa) and the stability constants of the complexes with Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) have been
estimated spectrophotometrically and pH-metrically at 298 K. The effect of some organic solvents and pH
on the absorption spectra of the ligand and its complexation with the cations above was studied and discussed.
The use of this ligand for spectrophotometric determination of the cations under investigation was also
studied. Stoichiometric complexes with ratios 1:1 and 1:2 (M:L) were formed for all cations used except
Cd(II) which forms only a 1:1 stoichiometric complex. Also, a conductometric study has been carried out,
and the results show that the same stoichiometric complexes have formed in the solution.

Introduction

The importance of the azo colorants is shown by the fact
that they embrace over 60 % of the total number of dyes.1,2

Some azodyes have been used for spectrophotometric determi-
nations of some transition metals.3–5 Thiazolylazo compounds
have attracted much attention as analytical reagents owing to
their higher sensitivity and selectivity. A large number of
analytical applications of thiazole derivatives have been de-
scribed and resorcinol-based dyes used for determination of
many transition metals spectrophotometrically.6,7 In our previous
work, some azo dyes of some heteroamines have been used as
analytical reagents for determination of micro amounts of some
transition metals.8,9

To investigate the analytical applications of a new thiazole
derivative of a resorcinol-based dye for determination of many
transition metals, the present investigation deals with the
spectrophotometric, pH-metric, and conductometric behavior of
the ligand 4-(4′-phenyl-2′-thiazolylazo)-resorcinol and its com-
plexation with Co(II), Ni(II), Zn(II), and Cd(II) at 298 K.

Experimental Section

Infrared spectra were measured in KBr discs using a Mattson
5000 FT-IR spectrometer. All chemicals and reagents used in
this study were either A.R. grade or purified with recommended
methods.10 Metal ion solutions (0.001 M) in bidistilled water
were prepared and standardized with EDTA using the proper
indicator. Also, a 0.01 M solution of the ligand was prepared
in ethanol. The used solvents have the following refractive index
(n)11 and dielectric constants (D):11 isopropanol (n ) 1.3752,
D ) 19.92), ethanol (n ) 1.3594, D ) 24.55), acetone (n )
1.3560, D ) 20.56), dioxane (n ) 1.4203, D ) 2.21),
chloroform (n ) 1.4420, D ) 4.89), DMF (n ) 1.4280, D )
36.71), DMSO (n ) 1.4770, D ) 46.45), and water (n ) 1.3325,
D ) 78.36) at 298 K.

4-Phenyl-2-aminothiazol was prepared from condensation of
bromoacetophenone and thiourea.12 The 2-aminothiazol deriva-
tives are readily diazotized to diazonium salts with sodium nitrite
in strong oxyacids such as phosphoric acid, sulfuric acid, or
nitric acid. The diazonium salts couple normally with phenols.10

The obtained azodye was crystallized from ethanol, and its purity
was confirmed by elemental analysis and IR spectra. The
elemental analysis is: calculated (found), C ) 60.60 % (60.80
%), N ) 14.14 % (14.10 %), H ) 3.70 % (3.60 %), and S )
10.77 % (10.58 %) according to the empirical formula
(C15H11O2N3S). The melting point was >350 °C. The purity of
the investigated ligand was confirmed by elemental analysis to
be more than 99.5 %.

The IR spectra of the prepared azodye displays a weak broad
band in the region (3400 to 300) cm-1. This band is due to the
stretching frequency of the hydroxyl group.9 This may be taken
as evidence for the existence of an intermolecular hydrogen
bond. Two absorption bands were detected: the first one around
1088 cm-1 while the second is in the region (1207 to 1244)
cm-1. This may be assigned to a γ and δ OH. Also, the studied
azodye displays a band due to NdN which appears at 1400
cm-1. The band occurring at 1300 cm-1 is considered to be
associated with the C-N bond. The confirmed structure of the
ligand is shown in Chart 1.

The electronic absorption spectra of the ligand in different
organic solvents (isopropanol, ethanol, acetone, dioxane, chlo-
roform, DMF, and DMSO), at different pH values (2, 3, 4, 5,
6, 7, 8, 9, 10, and 11), and after a time interval of 48 h are also
reported using a UV-vis spectrophotometer (Jasco 550). The
buffers used were the modified Britton and Robinson universal
series.
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Chart 1. 4-(4′-Phenyl-2′-thiazolylazo)-resorcinol
(C15H11O2N3S)
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The stoichiometric complexes which can be formed in
solution between the ligand and the cations, Co(II), Ni(II),
Zn(II), and Cd(II), at 298 K were also studied spectrophoto-
metrically, potentiometrically (pH-metric), and conductometri-
cally. To determine the optimum pH value for the complexation
process, the absorption spectra of all studied complexes were
investigated at different pH values (3, 4, 5, 6, 7, 8, and 9) where
the molar concentrations of both metal and ligand are 5.0 ·10-5

M (in the case of the 1:1 (M:L) complex) and 0.5 ·10-4 M metal,
1.0 ·10-4 M ligand (in the case of the 1:2 (M:L) complex).

The pH-metric measurements were carried out where the
following three mixtures were prepared where HCl, KCl, and
the metal ion were prepared in water, while the ligand was
prepared in ethanol:

(a) 1 mL of 0.01 M HCl + 1 mL of 1 M KCl + 5 mL of
ethanol + 3 mL of bidistilled water.

(b) 1 mL of 0.01 M HCl + 1 mL of 1 M KCl + 0.5 mL of
0.01 M ethanolic solution of ligand + 4.5 mL of ethanol + 3
mL of bidistilled water.

(c) 1 mL of 0.01 M HCl + 1 mL of 1 M KCl + 1 mL of
0.001 M of the metal ion solution + 0.5 mL of 0.01 M ethanolic
solution of ligand + 4.5 mL of ethanol + 2 mL of bidistilled
water.

The ionic strength and the activity coefficient of these
solutions are 0.10125 and 0.4241 M, respectively. The mixtures
were then titrated potentiometrically against 0.0064 M KOH
solution and prepared in 50 % (v/v) ethanol-water, using a
Mettler Toledo MP 220 pH-meter with a new glass electrode
at 298 K. The pH-meter was connected with a MLW
Prufgerate-Werk ultrathermostat to maintain the temperature
at (298 ( 0.15) K. The pH-meter was calibrated using buffers
of pH 4, 7, and 10. The pH values were precise to ( 0.01 pH
units. The pH-metric readings in 50 % (v/v) ethanol-water
mixtures are corrected according to the Uitert et al. relation.13

In a typical experiment of the conductometric study, 10 mL
of a 1 ·10-4 M metal salt solution was prepared in 50 % (v/v)
ethanol-water by dilution from the stock solution of 0.001 M
in bidistilled water and was placed in a double-jacketed cell
connected to the ultrathermostat at the desired temperature.
Then, a known amount of 1 ·10-3 M ligand solution, prepared
in 50 % (v/v) ethanol-water by dilution from the stock solution
of 0.01 M in ethanol, was added by means of a micropipet.
The conductance of the mixture was then measured after each
addition and after stirring using a Jenway conductivity bridge.
The error in conductance measurement was ( 0.1 µS · cm-1.
Because of the low solubility of the ligand (L) in water, an
ethanol-water (50 % v/v) mixed solvent was chosen as the
solvent in both the potentiometric and conductometric measure-
ments.

Results and Discussion

(i) Spectrophotometric Study. Effect of SolWents on the
Electronic Absorption Spectra of the Ligand. The wavelength
maxima λmax and the molar absorptivities ε of electronic
absorption bands in the spectra of the investigated ligand in
the different organic solvents are listed in Table 1 and shown
in Figure 1.

Band Assignment. The spectra of the ligand (with a
concentration of 5.0 ·10-5 M) in ethanol display mainly two
bands. The first band at 220 nm may be assigned to the medium
energy local π-π* electronic transition (1A-1Bb) within the
benzene nucleus.14 This is characterized by its high ε value (104

M-1 cm-1), which may be taken as evidence for its assignment.
The second band at 475 nm may be assigned to a π-π*

electronic transition within the azo group, influenced by an
intermolecular transfer within the whole molecule.

The investigation of the solvent effect on the spectra of the
solute molecules is rather important because most spectral
investigations of molecules are performed in solutions. It is
known that the bands due to local transitions are sensitive to
environmental changes. The solvent effect may lead to sub-
stantial changes in the optical properties, absorptivites (ε), and
the absorption maximum (λmax). However, the absorption spectra
in different solvents are influenced by the physical properties
of the solvent (dipole moment, dielectric constant, and refractive
index), the difference in solvation energy from one solvent to
another, and the change in the polarity and dipole moment of
the solute through excitation. Accordingly, the solvent effect is
the sum of the different factors, which may be additive or cancel
out one another. Solvent-induced frequency shifts were inter-
preted in terms of electric dipole interactions. The well-known
red shift in the spectra of nonpolar solutes was related to the
solvation energy of the transition dipole15 or by dispersive
interactions.16 To verify whether the band shift is due to change
in solvation energy or pure dielectric effects, the relation given
by Gati and Szalay17 was applied in the form

ν′ ) {(a - b)(n2 - 1/2n2 + 1)} + b(D - 1)/(D + 1)
(1)

In which n and D are the refractive index and dielectric constants
of the media; a and b are constants of the solvent which shows
a reasonable degree of correlation with the transition energy
that is the static dielectric constant (D) or more precisely a
function thereof, f(D)18 or θ(D).19 The total solvent effect is
composed of three independent contributions: solvent polarity
(π*),20 acidity (R),21 and basicity (�)22 for a hydrogen bond
acceptor (HBA). These contributions are gathered in one
equation as follows

ν′ ) ν′o + sπ* + aR + b� (2)

where s, a, and b are factors and their values depend on the
extent of contribution of each parameter (π*, R, �) to the
predicted value ν′.

The π* scale is considered as a general solvent polarity scale.
It gives the best correlations with the solvatochromic effect on
p-π* and π-π* electronic spectral transitions, while R and �
donate to the hydrogen bonding strength. Other solvent param-
eters, which can be taken into consideration, are the molecular
energy (Er) and Z-values.23 Er values are sensitive to polar and
hydrogen bonding interaction, and also other interactions such
as dispersion forces are probably operative. High Z-values
correspond to high transition energy.

The stronger the stability effect of the solvent on the ion pair
in the ground state as compared with that in the less polar excited
state, the lower the wavelength of the intermolecular (CT) band.
Therefore, Z-values provide a direct empirical measure of the

Table 1. Effect of Solvent on the Spectra of the Liganda

solvent λ (ε ·10-4) λ (ε ·10-4) λ (ε ·10-4)

ethanol 216.0 (4.30) - 478.0 (1.20)
methanol 211.5 (5.36) - 462.0 (1.02)
isopropanol 211.0 (5.86) - 464.0 (1.13)
DMF 269.0 (0.97) - 493.0 (1.26)
DMSO 260.0 (1.08) - 497.0 (1.30)
chloroform 245.0 (1.19) 339.5 (0.53) 462.0 (1.03)
dioxan 240.0 (1.32) 340.0 (0.57) 459.0 (1.02)
acetone 211.5 (1.97) 340.5 (0.57) 460.0 (1.11)

a λ in nm and ε in M-1 · cm-1.
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solvation behavior of a solvent. The Z-values depend on
temperature and electrolyte concentration. Since Z-values reflect
the dipole-dipole, solute-solvent interaction, they give poor
correlations in nonpolar solvents.

In the present article, plots of D - 1/D + 1 and Φ(D) against
the wavelength (λmax) in nanometers or the wavenumber (ν′) in
inverse centimeters are not strictly linear relations which may
indicate that the spectral shifts are not governed solely by these
parameters. Furthermore, plots of (λmax) or (ν′max) as a function
of Er, Z-values, π*, and � scales display the same deviation
from linearity. On the basis of the above results, other factors
may influence the spectral shifts such as solvation stabilization
of the excited state by polar solvents and hydrogen bonding
between solute and solvent molecules leading to an increase in
solvolysis of the molecules.24

Effect of pH on the Electronic Absorption Spectra of the
Ligand. The ligand is a red-orange powder which is soluble
in alcohol, and its solution is orange in acidic medium and rose
red in alkaline solution. The optimum pH for the studied
complexes is listed in Table 2, and the absorption spectra of
the ligand (L) at different pH are shown in Figure 2.

The dissociation constants pK1
H and pK2

H were evaluated
spectrophotometrically by the half height method which depends
on the fact that the limiting absorbance Λ1 represents complete

conversion of one form of the compound to the other. To
determine the values of the dissociation constants pK1

H and pK2
H

spectrophotometrically by the half height method, the limiting
absorbance-pH curve was obtained. Since pK is equal to pH
when the two forms of the compound exist in equivalent
amounts, then the pH corresponding to half (0.5) of the limiting
absorbance in the limiting absorbance-pH curve is equal to
pK1

H and the pH corresponding to one and a half (1.5) of the
limiting absorbance is equal to pKH

2. The values of pK1
H and

pKH
2 were found to be 10.90 and 6.10, respectively. These

values are comparable with that obtained for similar compounds
(10.30, 10.50, 10.54 and 6.4, 6.55, 5.9).25 The value of pK2

H is
related to the ionization of the para-OH group, while pK1

H is
related to the ionization of the ortho-OH group.25 This can be
explained where the ortho-OH group can form intermolecular
hydrogen bonds with the azo group.25 Increasing the pH values
leads to the bathochromic effect of the main band from about
(460 to 500) nm, and this is accompanied by a hypochromic
effect as shown in Figure 2.

Chromomeric Reaction with Metal Ions. (a) Optimum
pH and WaWelength. The absorption spectra of all studied
complexes were investigated at different pH values. The
optimum pH for developing the red violet color of the complexes
of the ligand L with Co(II), Ni(II), Cu(II), Zn(II), and Cd(II)

Figure 1. Absorption spectra of the ligand in different solvents: 0, isopropanol; 9, ethanol; ∆, acetone; 2, dioxane; b, chloroform; O, DMF; and ), DMSO.

Table 2. Maximum Wavelength (λmax) and the Apparent Stability Constants of the M-L Complexes at the Recommended pH Valuesa

λmax, nm color continuous variation (molar ratio) methods

metal ion pH a b c ∆nm ligand complex 1:1 1:2

Co(II) 5 460 520 550 60 yellow red violet 4.36 (4.25) 7.82 (7.79)
Ni(II) 7 480 530 555 50 yellow red violet 4.41 (4.28) 7.85 (7.88)
Cu(II) 6 470 540 560 70 yellow purple 5.24 (5.31) 9.59 (9.56)
Zn(II) 8 480 520 555 40 yellow red violet 4.62 (4.58) 8.18 (8.22)
Cd(II) 8 480 520 560 40 yellow red violet 4.30 (4.24) -

a a: Ligand against water as a blank. b: Complex against water as a blank. c: Complex against ligand as a blank.
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and the maximum wavelengths are given in Table 2 and shown
in Figure 3 for the L-Ni complex as an example where this
spectrum is for the complex against the ligand as a blank (case
c in Table 2). The suggested reaction between the metal and
the ligand is

H2L + M2+ ) MHL+ for the 1:1 (M:L) complex
(3)

HLM+ + H2L ) M(HL)2 for the 1:2 (M:L) complex
(4)

The suggested structures of the formed stoichiometric com-
plexes in solution are shown in Charts 2 and 3.

The presence of the metal ion in the complexation process
with the ligand enhances the dissociation of the OH groups so
that they dissociate at lower pH values (see Table 2).

(b) Effect of Time. The effect of time on the stability of the
complexes was also studied. The color intensity of the com-
plexes was found to be stable, and no variations were observed
after 48 h. All the complexes are formed instantaneously.

(c) Beer’s Law Verification. Beer’s law was verified and
found to be satisfactorily obeyed with a concentration up to
(2.96, 2.95, 2.92, 2.94, and 2.24) mg ·L-1 or (4.658 · 10-5,
5.000 ·10-5, 4.974 ·10-5, 4.497 ·10-5, and 1.993 ·10-5) M for
Cu(II), Co(II), Ni(II), Zn(II), and Cd(II), respectively, in
methanol or isopropanol.

(d) Composition of the Complexes. The composition and
apparent stability constants of the complexes were evaluated
by the continuous variation and molar ratio methods (Table 2).
Both methods indicate the formation of the 1:1 and 1:2 (M:L)
complexes for all metals under investigation except for Cd(II)
where only the 1:1 complex is formed. The molar ratios for the
L-Ni complex as an example are shown in Figure 4.

Recommended Procedures for the Determination of
Metals. The recommended procedures for the spectrophoto-
metric determination of the metals under investigation can take
place as follows: Into a 25 mL volumetric flask is prepared a
complex solution containing 4 ·10-5 M ligand, nearly (1 to
2.0) ·10-5 M of the metal ion, and 5 mL of the universal buffer
of the recommended pH for each metal ion. The absorbance of
the complex is measured at λmax for each metal against the ligand
blank. The concentration of the metal is determined from the
standard calibration curve obtained under the same conditions.

Figure 2. Absorption spectra of the ligand at different pH values: ), pH 11; (, pH 10; 9, pH 9; 0, pH 8; O, pH 7; b, pH 6; 2, pH 5; ∆, pH 4; +, pH 3;
and ×, pH 2.

Figure 3. Absorption spectra of the Ni/L complex at different pH values:
9, pH 9; 0, pH 8; O, pH 7; b, pH 6; 2, pH 5; ∆, pH 4; and +, pH 3.

Chart 2. Suggested Structure for 1:1 (L:M) Stoichiometric
Complexes in Solution

Chart 3. Suggested Structure for 1:2 (M:L) Stoichiometric
Complexes in Solution
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As an example, for Cu(II), into a 25 mL volumetric flask was
prepared a Cu-L complex solution which contains 1 mL of
0.001 M ligand, 0.3 mL of 0.001 M of Cu(II), and 5 mL of the
universal buffer of the recommended pH ) 6, and the measuring
flask was completed with bidistilled water. The absorbance of
the complex at λmax ) 560 nm was measured against the ligand
blank, and the concentration of Cu(II) was determined from the
standard calibration curve obtained under the same conditions.

(ii) Potentiometric Study. pH-metric measurements were
carried out as reported in the Experimental Section. For the
ligands and their complexes with Co(II), Ni(II), Cu(II), Zn(II),
and Cd(II) in a 50 % (v/v) ethanol-water mixture at 298 K,
the plots of pH versus the milliliters of added KOH are shown
in Figure 5. These curves show that the ionization of the ligand
and so the complexation process with the cations under study
take place starting from pH ∼4. As can be noted from Figure
5, there is an overlap of the curves at some points which can
be related to the small difference in the pH values and so a
small difference in the volume consumed of the KOH solution
in addition of the metal ions to the ligand compared to that in
the case of the ligand itself. It must be noted that the analysis
of the curves was made for each curve separately to prevent
any confusion. Also, it must be noted that the pH of the ligand
is higher than that of (L + metal ion), which indicates a
complexation process.

The Irving and Rossotti equation was used to determine the
number of protons associated with the ligand molecule (njA)

njA ) y + {(V1 - V2)(N
o + Eo)/(Vo + V1)TCL

o} (5)

where V1 and V2 are the volume of KOH required to reach the
same pH in the titration curve of the free acid and the ligand,
respectively; Vo is the initial volume of the mixture; TCL

o is the
total concentration of the ligand; No is the normality of KOH
solution; and Eo is the initial concentration of the free acid. A
plot of njA versus pH gives the proton-ligand formation curves.
Then the values of pK1

H and pK2
H are the values of pH at njA

equal to values of 0.5 and 1.5, respectively. The obtained pK1
H

and pK2 of the ligand were also refined (recalculated) with the
ESAB2M computer program26 with a deviation of less than
( 0.12 between the two methods. The maximum njA value is
∼2, revealing that the ligand has two dissociable protons (the
hydrogen ions of the two -OH groups in the resorcinol moiety).
The value of pK2

H of the ligand equals 4.8 related to the
ionization of the para-OH group,27 while the pK1

H value is 10.8
and related to the ionization of the ortho-OH group.9 This can
be explained where the ionization of the two -OH groups
proceeds in different steps with increasing pH; i.e., the ionization
of the para-OH group occurs first in acidic media, after the
ionization of the ortho-OH group which can form an intermo-
lecular hydrogen bond with the azo group that takes place in
the basic media.27

The stability constants of the stoichiometric 1:1 and 1:2 (M:
L) complexes formed in solution between the ligand and the
studied cations have been determined using the Rossotti and
Iriving formula and then refined with the Superquad computer
program28 with a deviation of ( 0.15 between the two methods.

The standard Gibbs energy changes (∆G°) of the ionization
and complexation processes were calculated using eq 6

∆G° ) 2.303RT pK ) -2.303RT log K (6)

The values of the ionization constants of the ligand, the
stability constant of the formed complexes, and the standard
Gibbs energy change are listed in Table 3. By inspection of the
stability constants of the formed complexes in Table 3, we can
note that according to the well-known Irving-Williams rule
the Cd(II)-organic ligand complexes have lower stability
constants than those obtained by the same ligand, in reaction
with for example Cu(II) or Ni(II) ions. On the other hand, Figure
5 shows that the Cd(II) curve is below that of other metal ions
used. This is considered as an unexpected behavior of the Cd(II)
ion where it has a lower stability constant as the results in Tables
2 and 3 indicate. This indicates that Cd(II) consumes a large
volume of KOH in the potentiometric titration process compared
to the other metal ions studied. This unexpected behavior of
Cd(II) can be explained by the suggestion of the formation of
Cd(OH)2 instead of Cd-L complexes.

The positive values of the standard Gibbs energy change
(∆G°) of the ionization process indicate that the dissociation
process of the ligand is not spontaneous which may be related

Figure 4. Molar ratio for the ligand/Ni(II) complex at 555 nm and pH 7.

Figure 5. Potentiometric titration curves of: (, acid; 2, ligand; 0, Cd(II);
∆, Zn(II); ], Ni(II); O, Cu(II); and b, Co(II).

Table 3. Formation Constants, Ionization Constants, and the Gibbs
Energy Change (∆G°, kJ ·mol-1) of the Ligand and the Formed
Complexes from the Potentiometric Studya

1:1 1:2

complex log K1 -∆G°1 log K2 -∆G°2

ligand -10.8 (0.04) -61.6 -4.8 (0.05) -27.4
Co(II) 4.44 (0.03) 25.3 7.2 (0.03) 41.0
Ni(II) 4.52 (0.03) 25.8 7.3 (0.04) 41.6
Cu(II) 5.18 (0.04) 29.5 9.7 (0.03) 55.3
Zn(II) 4.68 (0.04) 26.7 8.3 (0.05) 47.3
Cd(II) 4.41 (0.04) 25.1 -- --

a Standard deviations are given in parentheses.
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to the presence of intermolecular hydrogen bonds. On the other
hand, the negative values (∆G°) of the complexation process
indicate that this process is spontaneous.

(iii) Conductometric Study. The formation of different
stoichiometric complexes in aqueous and nonaqueous solution
has been studied conductometrically.29–32 The conductometric
titration of the ligand with the metal was carried out as reported
in the Experimental Section. A plot of the molar conductance
(Λ) (S · cm2 ·mol-1) versus the ratio of the ligand to metal ion
concentration (L/M) is shown. Figure 6 gives a straight line
with two breaks at [L/M] ratios of 1 and 2 for all used cations
except Cd(II) which gives one break at an [L/M] ratio of 1.

As shown from Figure 6, the increase of the molar conduc-
tance of the metal ion solution in addition of the ligand solution
is related to the substitution of a small conducting species
{M(II), limiting ionic conductance, λo ) (100 to 110)
S · cm2 ·mol-1} with a high conducting one (H+, λo ) 349.8
S · cm2 ·mol-1). This leads to the complexation process and the
gradual formation of the MHL+ and M(HL)2 species. At the
equivalent points and complete formation of (MHL+, 1:1) or
{M(HL)2, 1:2} (M:L) species, which have different conductivity
than the previous species, a change in the direction of the
conductometric titration curve results, leading to a break in this
curve. This result indicates the formation of 1:1 and 1:2 (M:L)
stoichiometric complexes between the metal ion and the ligand
under investigation.29–32 This result agrees with that obtained
from both spectrophotometric and pH-metric studies.
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Figure 6. Conductometric titration curves for the ligand with: b, Cd(II);
and 9, Cu(II).
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