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The proton–ligand dissociation constant of 5-(4′-arylazo)-2-thioxothiazolidin-4-one (HLn) and metal–ligand
stability constants of their complexeswithmetal ions (Mn2+, Co2+, Ni2+, Cu2+ and Zn2+) have been determined
potentiometrically in 0.1 M KCl and 50% (by volume) methanol–water mixture. The molecular and electronic
structures of the investigated compounds (HLn) were also studied using quantum chemical calculations. For
the same ligand at constant temperature, the stability constants of the formed complexes increase in the order
Cu2+ N Zn2+ N Ni2+ N Co2+ NMn2+. The effect of temperature was studied at (303, 313 and 323) K and the cor-
responding thermodynamic parameters (ΔG,ΔH andΔS)were derived and discussed. The dissociation process is
non-spontaneous, endothermic and entropically unfavorable. The formation of the metal complexes has been
found to be spontaneous, endothermic and entropically favorable. The pKH value of the ligands increases in the
order HL1 N HL2 N HL3.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Azo compounds based on rhodanine were synthesized as potential
medicinal preparations [1] and can also be used as analytical reagents
[2]. It is known that rhodanine plays an important role in biological re-
actions [3,4]. There has been a growing interest in studying azo com-
pounds especially heterocyclic compounds and their transition metal
complexes, because of their wide importance in both academic and in-
dustrial fields [5]. These compounds and their metal complexes are in-
teresting for various reasons. For example the presence of donor
atoms such as N, S and O in the compound backbone contributes
greatly to their thermal and environmental stability [6]. Other
important features include the nature of metal–oxygen bonding inter-
action and the biological activity of these materials [7]. The presence
of \N_N\ group can lead to increase the solubility of low valent
metal oxidation states due to its π acidity and presence of low lying
azo centered π* molecular orbitals [8].

In continuation of our previous work [9–13], we report here in the
dissociation constants of 5-(4′-arylazo)-2-thioxothiazolidin-4-one
(HLn) and the stability constants of their complexes with Mn2+, Co2+,
Ni2+, Cu2+ and Zn2+ at different temperatures. The corresponding
thermodynamic functions are evaluated and discussed. Moreover, the
molecular and electronic structures of the investigated compounds
(HLn) are also studied using quantum chemical calculations.
ati).
2. Materials and methods

2.1. Measurements

All the compounds and solvents used were purchased from Aldrich
and Sigma and used as received without further purification. Elemental
microanalyses of the separated ligands for C, H, and Nwere determined
on Automatic Analyzer CHNS Vario ELIII, Germany. The 1H NMR spectra
were obtained by BrukerWP 300MHz using DMSO-d6 as a solvent con-
taining TMS as the internal standard and FT-IR spectra (KBr discs, 4000–
400 cm−1) by a Jasco-4100 spectrophotometer. Ultraviolet–visible
(UV–Vis) spectra of the compounds were recorded in nuzol solution
using a Unicom SP 8800 spectrophotometer.

The molecular structures of the investigated compounds were
optimized initially with PM3 semiempirical method so as to speed up
the calculations. The resulting optimized structures were fully re-
optimized using an initio Hartree–Fock (HF) [14] with 6–31 G basis
set. The molecules were built with the GaussView 3.09 and optimized
using the Gaussian 03W program [15]. The corresponding geometries
were optimized without any geometry constraints for full geometry
optimizations. Frequency calculation was executed successfully,
and no imaginary frequency was found, indicating minimal energy
structures.

The pH measurements were performed with a Metrohm 836
Titrando (KF& Potentiometric Titrator) equipped with a combined
porolyte electrode. The pH-meter readings in the non-aqueousmedium
were corrected [16]. The electrode system was calibrated according to
the method of Irving et al. [17]. The temperature was controlled to
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within ±0.05 K by circulating thermostated water (Neslab 2 RTE 220)
through the outer jacket of the vessel.

2.2. Preparation of the ligands

5-(4-Arylazo)-2-thioxothiazolidin-4-one (HLn) was prepared by
dissolving aniline or its p-substituted derivatives (10 mmol) in hydro-
chloric acid (20 mmol/25 ml distilled H2O). The hydrochloric com-
pound was diazotized below −5 °C in an ice–salt bath with a solution
of sodium nitrite (0.8 g, 10 mmol, 30 ml distilled H2O). The diazonium
chloride was coupled with an alkaline solution of 2-thioxo-4-
thiazolidinone (1.33 g, 10 mmol) in 20 ml of ethanol. The precipitate
was filtered and dried after thorough washing with water and ethanol.
The crude product was recrystallized from ethanol and the microcrys-
tals were obtained in a yield of 55–66% (Fig. 1). The resulting
formed ligands are 5-(4-methylphenylazo)-2-thioxothiazolidin-4-one
(HL1), 5-(4-phenylazo)-2-thioxothiazolidin-4-one (HL2) and 5-(4-
chlorophenylazo)-2-thioxothiazolidin-4-one (HL3).

2.3. Potentiometric studies

A ligand solution (0.001M)was prepared by dissolving an accurate-
ly weighted amount of the solid in methanol. Metal ion solutions
(0.0001 M) were prepared from metal chlorides in bidistilled water
and standardized with EDTA [18]. Solutions of 0.001 M HCl and 1 M
Fig. 1. Structure of th
KCl were also prepared in bidistilled water. A carbonate-free NaOH so-
lution in 50% (by volume) methanol–water mixture was used as titrant
and standardized against oxalic acid.

The apparatus, general conditions and methods of calculation
were the same as in previous work [9–11]. The following mixtures
(i)–(iii) were prepared and titrated potentiometrically at 303 K against
standard 0.002MNaOH in a 50% (by volume)methanol–watermixture:

i) 5 cm3 0.001 M HCl + 5 cm3 1 M KCl + 25 cm3 methanol.
ii) 5 cm3 0.001MHCl+ 5 cm3 1MKCl+ 20 cm3methanol+ 5 cm3

0.00 l M ligand.
iii) 5 cm3 0.001MHCl+ 5 cm3 l M KCl+ 20 cm3methanol + 5 cm3

0.001 M ligand + 10 cm3 0.0001 M metal chloride.

For eachmixture, the volumewasmadeup to 50 cm3with bidistilled
water before the titration. These titrations were repeated for the tem-
peratures of 313 and 323 K. All titrations have been carried out between
pH 4.0–11.0 and under nitrogen atmosphere.

3. Results and discussion

3.1. Characterization of the ligands (HLn)

The chemical structures of the ligands were elucidated by elemental
analyses (Table 1). The optical absorptionmeasurements showedmany
absorption bands according to transition from bonding to antibonding
e ligands (HLn).



Table 1
Analytical data of azo rhodanine derivatives.

Compound Empirical formula Yield % M.p. °C Calc. (exp.) %

C H N

HL1 C10H9N3OS2 47.81 231 47.79 3.61 16.72
Dark orange (47.88) (3.76) (16.61)

HL2 C9H7N3OS2 42.19 237 45.55 2.97 17.71
Pale yellow (45.68) (2.80) (17.85)

HL3 C9H6N3OS2Cl 51.37 248 39.78 2.23 15.46
Light orange (39.65) (2.35) (15.58)
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molecular orbital. 1H NMR spectroscopy was used to differentiate ste-
reoisomers. El-Sonbati and coworkers [19] investigated the 1H NMR
spectra of some azo rhodanines and their complexes with various tran-
sition metal ions. 1H NMR spectra showed that signal for CH
(~4.42 ppm), favors formation of an intramolecular hydrogen bond
with the N_N (azodye) group. Electron-withdrawing substituents of
(HL3) reduce the intramolecular hydrogen bond as indicated by the
marked shift of the hydroxyl signal to higher field. Electron-donating
substituents (HL1) give the opposite effect, arising from the increasing
basicity of the azo-nitrogen. The broad signals assigned to the OH pro-
tons at ~11.36–11.88 ppm are not affected by dilution. The previous
two protons disappear in the presence of D2O. The absence of \CH
HL1

HL2

HL3

Fig. 2. The calculated molecular structures
proton signal of the ligand moiety indicated the existence of the ligand
in the azo-enol form.

On the basis of all the above spectral data, an internally hydrogen
boned azo-enol structure has been proposed for the ligands (Fig. 1).

The electronic absorption spectra of the ligands exhibit mainly five
bands (A–D, F). The band A located at 26,360–26,280 cm−1 can be
assigned to the n–π* transition of the CS group. The band B within
30,560–30,260 cm−1; can be assigned to n–π* transition within the
CO group. The band C within 32,980–33,180 cm−1 could be assigned
to the H-bonding and association. The band D located at 40,250–
3990 cm−1 could be assigned to Ph–Ph*, π–π* corresponding to the ar-
omatic system. The band F located at 29,620–29,350 cm−1can be
assigned to phenyl rings overlapped by composite broad π–π* of azo
structure. The band B transition disappears with the simultaneous ap-
pearance of new bands, being attributed to π–π* (C_C) as sequences
of enolization. Furthermore, the band A transition shifts slightly to
lower energy and remains almost constant.

In general, most of the azo compounds give spectral localized bands
in the regions 47,620–34,480 and 31,250–2730 cm−1. The first region is
due to the absorption of the aromatic ring compared to 1Bb and 1Lb
mono substituted benzene and the second region is due to the conjuga-
tion between the azo group and the aromatic nuclei with internal
charge transfer resulting from π-electron migration to the diazo group
from the electron donating substituents. The p-substituent increases
of the investigated compounds (HLn).
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the conjugationwith a shift to a longerwavelength [20]. The substituent
effect is related to the Hammett's constant values [19–21]. For azo ben-
zene and aryl azo benzene derivatives, as the possibilities of the mes-
merism became greater, the stabilization of the excited state is
increased relative to that of the ground state and a bathochromic shift
of the absorption bands follows. One way of explaining this result is
by means of the MO theory [22], which shows that the energy terms
of the molecular orbital, became more closely spaced as the size of the
conjugated system increases. Therefore with every additional conjugat-
ed double bond the energy difference between thehighest occupied and
the lowest vacant π-electron level became smaller and the wavelength
of the first absorption band which corresponds to this transition is in-
creased. The azo group can act as a proton acceptor in hydrogen
bonds. The role of hydrogen bonding in azo aggregation has been ac-
cepted for some time.

Infrared spectra of the ligands (HLn) give two bands at 3200–
3040 cm−1 region due to asymmetric and symmetric stretching vibra-
tions of N–H group and intramolecular hydrogen bonding NH⋯O
systems (Fig. 1-D), respectively. When the OH group (Fig. 1-C) is in-
volved in intramolecular hydrogen bond, the O⋯N and N⋯O bond dis-
tances are the same. But, if such mechanism happened in the case of
intermolecular hydrogen bond, the O⋯O and O⋯N bond distances differ.
The broad absorption of a band located at ~3400 cm−1 is assigned to
νOH. The low frequency bands indicate that the hydroxy hydrogen
atom is involved in keto⇔ enol (A⇔ B) tautomerism through hydro-
gen bonding (Fig. 1-C). Bellamy [23]made detailed studies on some car-
bonyl compounds containing\NH group. The ΔνNH values were used
to study thephenomenaof association. On the other hand, theOHgroup
(Fig. 1-B) exhibitsmore than one absorption band. The two bands locat-
ed at 1330 and 1370 cm−1 are assigned to in-plane deformation and
that at 1130 cm−1 is due to νC–OH. However, the band at 860 cm−1

is probably due to the out-of-plane deformation of the \OH group. On
the other hand, the two bands located at 650 and 670 cm−1 are identi-
fied as δC_O and NH, respectively. Similar to the other investigated
compounds, the different modes of vibrations of C\H and C\C band
are identified by the presence of characteristic bands in the low fre-
quency side of the spectrum in 600–200 cm−1.
OMOH

HL1

HL2

HL3

Fig. 3. The highest occupied molecular orbital (HOMO) and the lowest unoc
The infrared spectra of ligands showmedium broad band located at
~3460 cm−1 due the stretching vibration of some sort of hydrogen of
hydrogen bonding. El-Sonbati et al. [18,19,24] made detailed studies
for the different types of hydrogen bonding which are favorable to
exist in the molecule under investigation:

1) Intramolecular hydrogen bond between the nitrogen atom of
the \N_N\ system and hydrogen atom of the hydroxy hydrogen
atom (Fig. 1-C). This is evident by the presence of a broad band cen-
tered at 3460 cm−1.

2) Hydrogenbondingof theOH⋯N type between the hydroxyhydrogen
atom and the N-ph group (Fig. 1-C).

3) Intermolecular hydrogen bonding is possible forming cyclic dimer
through NH⋯O_C (G), OH⋯N_N (F) or OH⋯OH (E) (Fig. 1).

Geometrical structures and electronic properties of the investigated
compounds and their protonated forms were calculated by optimizing
their bond lengths, bond angles and dihedral angles. The calculated
molecular structures with the optimized bond lengths are shown in
Fig. 2.

According to the frontier molecular orbital theory, FMO, the chemi-
cal reactivity is a function of interaction between HOMO and LUMO
levels of the reacting species [25]. The EHOMO often is associated with
the electron donating ability of the molecule to donate electrons to ap-
propriated acceptor molecules with low-energy, empty molecular or-
bital. Similarly, ELUMO indicates the ability of the molecule to accept
electrons. The lower value of ELUMO indicates the high ability of themol-
ecule to accept electrons [26].While, the higher value of EHOMO of the li-
gand, the easier is its ability to offer electrons. The HOMO and LUMOare
shown in Fig. 3.

The HOMO–LUMO energy gap, ΔE, which is an important stability
index, is applied to develop theoretical models for explaining the struc-
ture and conformation barriers in manymolecular systems. The smaller
value of ΔE, the more reactivity of the compound [26,27]. The dipole
moment, μ, the first derivative of the energy with respect to an applied
electric field, was used to discuss and rationalize the structure [28]. The
calculated quantum chemical parameters are collected in Table 2.
OMUL

cupied molecular orbital (LUMO) of the investigated compounds (HLn).



Table 2
The calculated quantum chemical parameters for the investigated compounds (HLn).

Compound EHOMO

(a.u.)
ELUMO

(a.u.)
ΔE
(a.u.)

μ
(D)

T.E.
(a.u.)

HL1 −0.337 0.047 0.384 4.554 −1416.775
HL2 −0.348 0.044 0.432 3.950 −1377.7524
HL3 −0.355 0.034 0.389 2.001 −1836.627

Table 4
Stepwise stability constants for complexes of HLn in 50% (by volume) methanol–water
mixtures and 0.1 M KCl at different temperatures.

Compound 303 K 313 K 323 K

Mn+ logK1 logK2 logK1 logK2 logK1 logK2

HL1 Mn2+ 7.41 5.34 7.56 5.48 7.71 5.62
Co2+ 7.59 5.51 7.75 5.65 7.89 5.80
Ni2+ 7.72 5.63 7.87 5.77 8.01 5.91
Cu2+ 7.95 5.87 8.11 6.02 8.25 6.18
Zn2+ 7.81 5.71 7.96 5.85 8.10 5.99

HL2 Mn2+ 7.29 5.22 7.44 5.36 7.60 5.60
Co2+ 7.47 5.39 7.62 5.54 7.76 5.70
Ni2+ 7.60 5.52 7.74 5.66 7.89 5.80
Cu2+ 7.84 5.77 7.99 5.92 8.15 6.08
Zn2+ 7.70 5.60 7.84 5.74 7.99 5.90

HL3 Mn2+ 7.11 5.05 7.25 5.20 7.39 5.34
Co2+ 7.28 5.22 7.42 5.36 7.56 5.50
Ni2+ 7.40 5.34 7.54 5.48 7.70 5.62
Cu2+ 7.66 5.60 7.81 5.75 7.96 5.89
Zn2+ 7.49 5.43 7.63 5.57 7.77 5.71
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3.2. Potentiometric studies

The average number of the protons associated with ligands (HLn) at
different pH values, nA, was calculated from the titration curves of the
acid in the absence and presence of ligands (HLn) by applying the fol-
lowing equation:

nA ¼ Y � V 1−V 2ð Þ N � þ E �ð Þ
V �−V 1ð ÞTC �

L
ð1Þ

where Y is the number of available protons in ligands (Y = 1) and V1

and V2 are the volumes of alkali required to reach the same pH on the
titration curve of hydrochloric acid and reagent, respectively, V° is the
initial volume (50 cm3) of the mixture, TC°L is the total concentration
of the reagent, N° is the normality of sodium hydroxide solution and
E° is the initial concentration of the free acid. Thus, the formation curves
(nA vs. pH) for the proton–ligand systems were constructed and found
to extend between 0 and 1 in the nA scale. This means that azo
rhodanine has one ionizable proton (the enolized hydrogen ion of the
\OH group in the rhodanine moiety, pKH). Different computational
methods were applied to evaluate the dissociation constant [29].
Three replicate titrations were performed; the average values obtained
are listed in Table 3. The completely protonated form of ligands (HLn)
has one dissociable proton, that dissociates in the measurable pH
range. The deprotonation of the hydroxyl group most probably results
in the formation of stable intramolecular H-bonding with nitrogen of
the azo group. Such an interaction decreases the dissociation process
of rhodanine, i.e. increases the pKH value [30,31].

The formation curves for the metal complexes were obtained by
plotting the average number of ligands attached per metal ion (nA) vs.
the free ligand exponent (pL), according to Irving and Rossotti [32].
The average number of the reagent molecules attached per metal ion, n
, and free ligand exponent, pL, can be calculated using Eqs. (2) and (3):

n ¼ V 3−V 2ð Þ N � þ E �ð Þ
V �−V 2ð Þ � nA � TC �

M
ð2Þ

and

pL ¼ log 10

Xn ¼J

n ¼o

βH
n

1
H þ½ �

� �n

TC �
L −n � TC �

M
:
V � þ V 3

V � ð3Þ
Table 3
Thermodynamic functions for the dissociation of HLn in 50% (by volume) methanol–water mix

Compound Temperature
(K)

Dissociation constant
pKH

Gibbs energy
ΔG1

HL1 303 8.26 47.92
313 8.13 48.72
323 7.95 49.17

HL2 303 8.06 46.76
313 7.91 47.41
323 7.75 47.93

HL3 303 7.70 44.67
313 7.60 45.55
323 7.42 45.89
where TC°M is the total concentration of the metal ion present in the so-
lution, βH

n is the overall proton-reagent stability constant. V1, V2 and V3

are the volumes of alkali required to reach the same pH on the titration
curves of hydrochloric acid, organic ligand and complex, respectively.
These curves were analyzed and the successive metal–ligand stability
constants were determined using different computational methods
[33,34]. The values of the stability constants (log K1 and log K2) are
given in Table 4. The following general remarks can be pointed out:

(i) The maximum value of n was ~2 indicating the formation of 1:1
and 1:2 (metal:ligand) complexes only [9,35].

(ii) The metal ion solution used in the present study was very dilute
(2 × 10−5 M), hence there was no possibility of formation of
polynuclear complexes [36,37].

(iii) The metal titration curves were displaced to the right-hand side
of the ligand titration curves along the volume axis, indicating
proton release upon complex formation of the metal ion with
the ligand. The large decrease in pH for themetal titration curves
relative to ligand titration curves points to the formation of
strong metal complexes [38,39].

(iv) For the same ligand at constant temperature, the stability of the
chelates increases in the order Mn2+, Co2+, Ni2+, Zn2+ and
Cu2+ [40–42]. This order largely reflects that the stability of
Cu2+ complexes is considerably larger than those of othermetals
of the 3d series. Under the influence of both the polarizing ability
of the metal ion and the ligand field [43] Cu2+ will receive some
extra stabilization due to tetragonal distortion of octahedral sym-
metry in its complexes. The greater stability of Cu2+ complexes is
produced by the well known Jahn–Teller effect [44].

Stepwise dissociation constants for all ligands (HLn) and the step-
wise stability constants of their complexes with Mn+2, Co+2, Ni+2,
ture and 0.1 M KCl at different temperatures.

kJ mol−1 Enthalpy change kJ mol−1

ΔH1

Entropy change J mol−1 K−1

−ΔS1

62.49
28.99 63.06

62.48
58.52

29.03 58.72
58.51
61.14

26.15 61.98
61.12
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Cu+2 and Zn+2 have been calculated at 303, 313 and 323 K. The corre-
sponding thermodynamic parameters (ΔG,ΔH andΔS)were evaluated.

The dissociation constants (pKH) for HLn, aswell as the stability con-
stants of their complexes with Mn2+, Co2+, Ni2+, Cu2+, and Zn2+ have
been evaluated at (303, 313, 323) K, and are given in Tables 3 and 5, re-
spectively. The enthalpy (ΔH) for the dissociation and complexation
process was calculated from the slope of the plot pKH or log K vs. 1/T
using the graphical representation of van't Hoff Eqs. (4) and (5):

ΔG ¼ −2:303 RT log K ¼ ΔH –T ΔS ð4Þ

or

log K ¼ −ΔH
2:303R

� �
1
T

� �
þ ΔS
2:303R

ð5Þ

where R is the gas constant = 8.314 J·mol−1·K−1, K is the dissociation
constant for the ligand stability and T is the temperature (K).

From the ΔG and ΔH values, one can deduce the entropy ΔS using
the well known relationships (4) and (6):

ΔS ¼ ΔH −ΔGð Þ=T : ð6Þ
Table 5
Thermodynamic functions for ML and ML2 complexes of HLn in 50% (by volume) methanol–w

Comp. Mn+ T/K Gibbs energy
(kJ mol−1)

−ΔG1 −ΔG2

HL1 Mn2+ 303 42.99 30.98
313 45.31 32.84
323 47.68 34.76

Co2+ 303 44.03 31.97
313 46.45 33.86
323 48.80 35.87

Ni2+ 303 44.79 32.66
313 47.17 34.58
323 49.54 36.55

Cu2+ 303 46.12 34.06
313 48.60 36.08
323 51.02 38.22

Zn2+ 303 45.31 33.13
313 47.70 35.06
323 50.09 37.05

HL2 Mn2+ 303 42.29 30.28
313 44.59 32.12
323 47.00 34.63

Co2+ 303 43.34 31.27
313 45.67 33.20
323 47.99 35.25

Ni2+ 303 44.09 32.02
313 46.39 33.92
323 48.80 35.87

Cu2+ 303 45.48 33.48
313 47.88 35.48
323 50.40 37.60

Zn2+ 303 44.67 32.49
313 46.99 34.40
323 49.41 36.49

HL3 Mn2+ 303 41.25 29.30
313 43.45 31.16
323 45.70 33.03

Co2+ 303 42.24 30.28
313 44.47 32.12
323 46.76 34.01

Ni2+ 303 42.93 30.98
313 45.19 32.84
323 47.62 34.76

Cu2+ 303 44.44 32.49
313 46.81 34.46
323 49.23 36.43

Zn2+ 303 43.45 31.50
313 45.73 33.38
323 48.05 35.31
The thermodynamic parameters of the dissociation process of HLn
are recorded in Table 3. From these results the following can be made:

(i) The pKH values decrease with increasing temperature, i.e. the
acidity of ligand increases [9].

(ii) Positive values of ΔH indicate that dissociation is accompanied
by absorption of heat and the process is endothermic.

(iii) Large positive values of ΔG indicate that the dissociation process
is not spontaneous [45].

(iv) Negative values of ΔS are due to increased order as the result of
the solvation processes.

All the thermodynamic parameters of stepwise stability constants for
the complexes of ligand (HLn) are recorded in Table 5. It is known that the
divalent metal ions exist in solution as octahedral hydrated species [34]
and the obtained values ΔH and ΔS can then be considered as the sum
of two contributions: (a) release of H2O molecules and (b) metal–ligand
bond formation. Examination of these values shows that:

(i) The stability constants (log K1 and log K2) for the azo rhodanine
complexes increase with increasing temperature, i.e. its stability
constants increase with increasing temperature [46].
ater mixture and 0.1 M KCl.

Enthalpy change
(kJ mol−1)

Entropy change
(J mol−1 K−1)

ΔH1 ΔH2 ΔS1 ΔS2

28.10 26.23 234.62 188.80
234.54 188.72
234.61 188.82

28.12 27.15 238.13 195.11
238.24 194.92
238.14 195.11

27.17 26.22 237.49 194.35
237.51 194.28
237.49 194.37

28.12 29.02 245.02 208.19
245.30 208.02
245.02 208.20

27.17 26.22 239.21 195.80
239.20 195.81
239.20 195.91

29.02 35.49 235.38 217.06
235.21 216.01
235.39 217.09

27.17 29.02 232.71 199.01
232.72 199.82
232.69 199.01

27.15 26.22 235.12 192.24
234.95 195.17
235.14 192.26

29.02 29.02 245.91 206.30
245.72 206.10
245.91 206.28

27.15 28.07 237.03 199.90
236.87 199.62
237.03 199.91

26.22 27.17 222.71 186.37
222.62 186.36
222.69 186.38

26.22 26.22 225.97 186.50
225.88 186.42
225.98 186.50

28.07 26.22 234.36 188.81
234.09 188.72
234.37 188.82

28.10 27.17 239.41 196.90
239.33 196.90
239.41 196.90

26.22 26.22 229.97 190.53
223.51 190.45
229.97 190.53
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(ii) The negative values of ΔG for the complex formation suggest a
spontaneous nature of such process [11].

(iii) The positive values of ΔHmean that the complex formation pro-
cesses is endothermic and favored at higher temperature.

(iv) The positive values of ΔS confirming that the complex formation
processes are entropically favorable [11].

An inspection of the results in Table 3 reveals that the pKH values of
(HL2) and its substituted derivatives are influenced by the inductive or
mesmeric effect of the substituents. HL1 has a lower acidic character
(higher pKH values) than HL3. This is quite reasonable because the pres-
ence of p-CH3 group (i.e. an electron-donating effect) will enhance the
electron density by their high positive inductive or mesomeric effect,
whereby a stronger O\H bond is formed. The presence of p-Cl group
(i.e. an electron-withdrawing effect) will lead to the opposite effect
[13]. The result is also in accordance with Hammett's para-substituent
constant values σR. Straight lines are obtained on plotting pKH values
at different temperature versus σR (Fig. 4). The para substituents in
the phenyl moiety have a direct influence on the pKH values of the in-
vestigated compounds.

4. Conclusion

5-(4′-Arylazo)-2-thioxothiazolidin-4-one (HLn) has been synthe-
sized and characterized by different spectroscopic techniques. The mo-
lecular and electronic structures of the investigated compounds (HLn)
were studied. The proton–ligand dissociation constant of (HLn) and
metal–ligand stability constants of their complexes with metal ions
(Mn2+, Co2+, Ni2+, Cu2+ and Zn2+) at different temperatureswere de-
termined. The stability constants of the formed complexes increase in
the order Cu2+ N Zn2+ N Ni2+ N Co2+ NMn2+. The dissociation process
is non-spontaneous, endothermic and entropically unfavorable. The for-
mation of the metal complexes has been found to be spontaneous, en-
dothermic and entropically favorable. The stability constants (logK1

and logK2) for the azo rhodanine complexes increase with increasing
temperature. The pKH value of the ligands increases in the order
HL1 N HL2 N HL3.
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