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Protonation constants of novel thiosemicarbazones including 2-(1-(2-phenyl-hydrazono)-propan-2-ylidene)
hydrazine-carbothioamide (TPHP) and N-methyl-2-(1-(2-phenyl-hydrazono)-propan-2-ylidene)hydrazinecarbo-
thioamide (MTPHP) ligands and their corresponding metal-ligand formation constants with Cu(II), Ni(II), Mn(II)
and Co(II) ions were determined at 15 °C, 25 °C and 35 °C in 50% DMSO solution at I = 0.1 mol·dm−3 NaNO3.
The stability order of complexes with reference to the metal ions has been followed this order
Cu(II) NNi(II) N Co(II) NMn(II) in concordwith the Irving-Williams stability order. Also, chemical equilibrium stud-
ies indicated that substitution of hydrogen in thiosemicarbazone (TPHP) bymethyl group causes lowering of acidity
as a result of the electron-releasing effect of the methyl group in the substituted amino group of the
thiosemicarbazide moiety. The speciation of different species in solution has been evaluated as a function of pH.
Additionally, the effect of temperature on protonation of thiosemicarbazone ligands and formation of their M(II)-
thiosemicarbazone complexeswas investigated. The thermodynamic parameters (ΔH,ΔS andΔG)were calculated
anddiscussed. Itwas found that both logK1 and –ΔH1, forM(II)-thiosemicarbazone complexes are somewhat larger
than log10 K2 and –ΔH2, indicating a change in the dentate character of these ligands from tridentate (SNN-donors)
in 1:1 chelates to bidentate (SN-donors) in 1:2;M:L chelates. Also, the lower values of log10 K2 and –ΔH2 than logK1

and –ΔH1 may be attributed to steric hindrance produced by the entrance of a second molecule.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Protonation constants are important physicochemical parameters,
which can provide critical information about drug properties such as
solubility, lipophilicity, acidity, basicity [1,2], transport behavior,
bonding to receptors [2–4], and permeability [5]. Hence, the relation-
ship between the protonation constants and structure in drug design
studies is important [2,3,6]. Protonation constants are also important
parameters for the selection of the optimum conditions in the develop-
ment of analytical methods [5,7] and choosing a suitable pH value for
carrying out spectrophotometric quantitative analyses. Additionally,
knowledge of the protonation constants of some compounds is
necessary for the calculation of the concentration of each ionized
species at any pH, which is important for the complete understanding
of the physiochemical behavior of such molecules [8] and provides
also information about the stereochemical and conformational struc-
tures of active centers of enzymes [9]. There are various techniques
such as potentiometry, conductometry and spectrophotometry that
are used in the determination of protonation constants. In this study a
potentiometric technique was employed because it has the widest
area of applicability and reliability [10–12].
arim).
Thiosemicarbazones and their complexes have been extensively stud-
ied because they have awide range of actual or potentialmedical applica-
tions [13–17] which include notably antiparasital [18], antibacterial [19]
antitumor activities [20], antiviral [21], fungicidal [22] and antineoplastic
[23]. In spite of the large interest always shown in the coordination prop-
erties of thiosemicarbazone ligands and the attention paid in recent years
to the possible variable biological activities of their metal complexes,
studies dealing with protonation and complex formation equilibria of
thiosemicarbazones and their complexes are still very rare. These find-
ings stimulated our interest to study the solution equilibria of novel
thiosemicarbazones and their metal complexes. In conjunction with our
research program [24–33] directed to study ligands of biological signifi-
cance and their complexes, the present investigation aims to study the
solution equilibria of thiosemicarbazone-ligands and their M(II)–com-
plexes in 50% DMSO–water mixture; the effects of temperature, thermo-
dynamics, nature of the central metal ion and structure of the ligands on
the protonation of novel thiosemicarbazones and their metal complexes.

2. Experimental

2.1. Materials and reagents

All chemicals utilized in this investigation were of the analytical
reagent grade (AR) quality and used without further purification. They
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Scheme 1. Molecular structure of TPHP and MTPHP thiosemicarbazone compounds.
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included HCl and KOH provided by BDH. Aniline, ethyl acetoacetate and
sodiumnitrite were obtained from Sigma. Thiosemicarbazide and 4-(N-
methyl)-thiosemicarbazide were purchased fromMerck. Metal salts in-
cluding CuCl2·2H2O (Aldrich, ≥ 99.99%), CoCl2·6H2O (Sigma-Aldrich,
98%), NiCl2·6H2O (Aldrich, 99.9%) and MnCl2·4H2O (Sigma-Al-
drich, ≥ 99%). DMSO was provided by Aldrich Chemicals Company.

2.2. Synthesis

2.2.1. Synthesis of 1-(phenyl-hydrazono)-propan-2-one (PHP)
It is prepared as reported in the literature [34,35] as follows: in a 4-l

beaker equippedwith amechanical stirrer, 65 g (64ml, 0.5mol) of ethyl
acetoacetatewas added to 35 g (0.53mol) of 85% potassiumhydroxide in
1120 ml of water. The mixture is allowed to stand at room temperature
for 24 h. Forty-seven grams (48 ml, 0.5 mol) of aniline is dissolved in
200 ml of aqueous HCl (prepared from equal volumes of concentrated
acid andwater) in a 2-l beaker. The beaker is equippedwith amechanical
stirrer and immersed in an ice-salt bath. After the solution has cooled to
0–5 °C, 36 g. (0.52 mol) of sodium nitrite dissolved in 1 l of water is
added slowly, with stirring, from a separating funnel. The tip of the
stem of the separating funnel dippedwell below the surface of the liquid.
The rate of addition is adjusted to maintain the temperature between 0
and 5 °C. A drop of the reaction mixture is tested from time to time
with starch-iodide paper until nitrous acid persists in the solution during
a 5-min interval. The solution of potassium acetoacetate is cooled to 0 °C,
and 45ml of concentratedHCl in 150ml of icewater is added slowlywith
stirring. The diazoniumsalt solution is then addedover a period of 20min,
and the mixture is made basic by the addition of 82 g of sodium acetate
dissolved in 300 ml of water. The temperature of the reaction mixture is
raised slowly to 50 °C andmaintained at this temperature for 2 h; the sep-
arated solid is collected on a filter and dried. The yield of crude product is
77 g (95%). Purification can be effected by recrystallization from200ml of
toluene. The purified product weighs 66 g (82%); m.p. 148–150 °C.

2.2.2. Synthesis of TPHP and MTPHP thiosemicarbazone compounds
The general route of synthesis is shown as follow: Equimolar

amounts of (PHP) (0.1620g, 1mmol) in 25ml ethanolwith an ethanolic
solution (25 ml) of thiosemicarbazide (0.0911 g, 1 mmol) and methyl-
(0.1051 g, 1 mmol) thiosemicarbazides were mixed and then refluxed
on a hot plate for 4–5 h. The obtained precipitates were separated out,
filtered off, washed with diethyl ether and dried overnight under silica
gel (See Scheme 1).

2.3. Instruments

Potentiometric measurements were made using a Metrohm 686
titroprocessor equipped with a 665 Dosimat (Switzerland-Herisau). A
thermostatted glass-cell was used equipped with a magnetic stirring sys-
tem, a Metrohm glass electrode, a thermometric probe, a microburet
delivery tube and a salt bridge connected with the reference cell filled
with 0.1MKCl solution inwhich saturated calomel electrodewas dipped.
Temperaturewasmaintained constant inside the cell at 25.0±0.01 °C, by
the circulatingwater by a thermostated bath. All potentiometricmeasure-
ments in this study were carried out in water-DMSOmixtures containing
50%DMSObecause of lowsolubility of the synthesized thiosemicarbazone
compounds and possible hydrolysis in aqueous solution.

2.4. Potentiometric titrations

The protonation constants of the ligands and stability of complex for-
mation were measured potentiometrically using earlier described meth-
od [36]. pH-metric titrations were carried out by using of Metrohm 686
titroprocessor equipped with a 665 Dosimat. Double-wall glass titration
cell equipped with a magnetic stirring systemwas used. The cell solution
was stirred continuously at constant speed during the titration using
magnetic stirring system. The glass electrode was calibrated with stan-
dard buffer solutions, potassium hydrogen phthalate (pH = 4.008) and
amixture of KH2PO4 and Na2HPO4 (pH= 6.865) at 25.0 °C, prepared ac-
cording to NBS specifications [37]. The titration reactionwas investigated
in presence of purified N2 atmosphere using standard solution of
0.05mol dm−3 sodium hydroxide free from carbon dioxide. The titration
cell was cleaned with distilled water and dried with a tissue before and
after the experiment. Covered cell calibration lid contains four holes for
Metrohm glass electrode, glass tubing for nitrogen injection, thermomet-
ric probe and plastic tube for alkali solution. Before filling of a tube with
alkali solution, the tube was washed several times with distilled water
and thenwashedwith alkali solution at least 4 times. Also, the air bubbles
were avoided to leak in the tube in order to get accurate results for the
measured volumes. Stock solution of metal salts was prepared and stan-
dardized using complexometric EDTA titrations [38]. In order to avoid
probable hydrolysis of TPHP andMTPHP ligands in aqueous solution, po-
tentiometric titration was carried out in 50% DMSO-water mixture.

To keep the ionic strength (I) constant during the titration process,
supporting electrolyte of sodium nitrate was used i.e., the ionic strength
was maintained constant at 0.1 M sodium nitrate with the addition of
appropriate amount of 0.8 M NaNO3 solution.

As is known, pH-meters read -log aH+ (pH), whereas the potentio-
metricmethodweused for the calculation of stability constants requires
–log[H+] (p[H]). Hence, the first step in computations was to convert
the pH-meter readings (B) recorded in DMSO-water solutions to
hydrogen ion concentration [H+] [39]. This can be achieved by using
the widely used relation given by the Van Uitert and Hass equation,
Eq. (1) [40] as shown below,

− log10 Hþ� � ¼ Bþ log10UH ð1Þ

where log10 UH is the correction factor for the solvent composition and
ionic strength for which B is read. Values of pKw in DMSO-watermixtures
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were determined as described previously [41]. For this purpose, various
amounts of standard NaOH solution were added to 50% aqueous DMSO
solutions containing 0.1 mol·dm−3 NaNO3. The [OH−] was calculated
from the amount of base added. The [H+] was calculated from the pH
value. The product of [OH−] and [H+]was taken. Themean values obtain-
ed in this way for -log10 [H+][OH−] (pKw = 15.52 ± 0.2) are in agree-
ment with the literature values [42].

A carbonate-free sodium hydroxide solution in 50% (by volume)
DMSO-water mixture was used as titrant and standardized against
potassium hydrogen phthalate (Analar). The apparatus, general condi-
tions, and method of calculations were the same as in previous work
[43,44].

The proton association constants of the ligands (TPHP or
MTPHP) were determined potentiometrically by titrating (1.25 ×
10−3 mol·dm−3) of the ligand solution (40 cm3). The stability
constants of the metal(II) complexes were determined using po-
tentiometric data obtained from (40 cm3) mixture containing
MCl2·nH2O (1.25 × 10−3 mol·dm−3) + (TPHP or MTPHP)
(1.25 × 10−3 mol·dm−3 / 2.5 × 10−3 mol·dm−3).

The equilibrium constants evaluated from the titration data are
defined by Eqs. (1) and (2), where M, L and H stand for the metal(II)
ion, thiosemicarbazone ligands (TPHP/MTPHP) and proton, respectively

p Mð Þ þ q Lð Þ þ r Hð Þ⇌ Mp Lð Þq Hð Þr
h i

ð2Þ

βpqr ¼
Mp Lð Þq Hð Þr
h i

M½ �p L½ �q H½ �r � ð3Þ
Table 1
Protonation constants of TPHP andMTPHP thiosemicarbazones in 50%DMSO-50%H2O (v/v)
at different temperatures and I= 0.1 mol dm−3 NaNO3.

System T (°C) p q r log10β S log KNH log KSH

TPHP 15 0 1 1 11.16 ± 0.03 2.1 E-8 11.16 7.55
0 1 2 18.71 ± 0.05

25 0 1 1 11.07 ± 0.01 3.7 E-8 11.07 7.41
0 1 2 18.48 ± 0.04

35 0 1 1 10.87 ± 0.05 6.3E-8 10.87 7.34
0 1 2 18.21 ± 0.07

MTPHP 15 0 1 1 11.27 ± 0.02 4.3E-8 11.27 8.60
0 1 2 19.87 ± 0.04

25 0 1 1 11.15 ± 0.04 5.1E-8 11.15 8.48
0 1 2 19.63 ± 0.07

35 0 1 1 10.93 ± 0.02 4.9E-8 10.93 8.36
0 1 2 19.29 ± 0.06

Fig. 1. Concentration distribution of various species as a function of pH in the TPHP system
2.5. Data processing

The calculations were obtained from ca. 100 data points in each
titration using the computer program MINIQUAD-75 [45]. The species
distribution diagrams were obtained using the program SPECIES [46]
under the experimental conditions employed.

3. Results and discussion

3.1. Protonation constants of thiosemicarbazone ligands

The study of protonation equilibria by the studied thiosemicarbazone
ligands cannot be carried out in aqueous solution because of the nature
of the compounds involved. These compounds are insoluble in water.
This solvent has been widely used for potentiometric determination of
protonation and formation equilibria as mentioned in literature
[47–49]. The mixture DMSO-water 50%:50% was the chosen solvent for
our study.

The stoichiometric protonation constants of the investigated
thiosemicarbazone compounds (TPHP and MTPHP) were determined
in 50% DMSO-water mixture at 25 °C and these constants are given in
Table 1. The compounds studied here have two protonation constants.
The log KSH and log KNH are related to the protonation of thiolate sulfur
and hydrazo group, respectively. This is also illustrated in the species
distribution of the TPHP ligand in Fig. 1. By rising of pH, the ligand
(H2L) loses its protons from SH group to form HL−, which is the
predominant species in pH range 8.8–9.7. As conditions become more
alkaline, the second NH group begins deprotonation to the free ligand
L2− anion which is the predominant species at pH N 11. From Table 1,
log KSH of (MTPHP) ligand is 8.48 and that of (TPHP) is 7.41 and log
KNH of (MTPHP) is 11.15 and that of (TPHP) is 11.07. Substitution by
methyl group instead of hydrogen causes a 1.07 unit increase of log
KSH and a 0.08 unit increase for log KNH,whichmeans a lowering of acid-
ity. This can be explained by the electron-releasing effect of the methyl
group in the substituted amino group. Also, it is observed that, the
change in log KNH is smaller than log KSH. This is in accordance with
the fact that, the inductive effect decreases as the distance increases.
The log KNH values ranges from (10.76–11.27) is similar to that
found in literature for the hydrazo moiety (10.98) [50]. Also, the order
of basicity of thiosemicarbazone ligands, is as follows; MTPHP N TPHP.
The increase in basicity or decrease in the acidity is due to
the electron-donating property (+I-effect) of the N-substituted
moiety of the thiosemicarbazide moiety i.e., Methyl N Hydrogen.
This is in accord with the published data in literature for N-
(at concentration of 1.25 mol·dm−3 for TPHP) at 25 °C and I = 0.1 mol·dm−3 NaNO3.



Table 2
Stability constants of M(II)-thiosemicarbazones in 50% DMSO-50% water at different
temperatures and I = 0.1 mol dm−3 NaNO3.

System T (°C) p q r log10β S

Cu-TPHP 15 1 1 0 11.84 ± 0.04 3.8E−7
1 1 1 18.17 ± 0.06
1 2 0 22.62 ± 0.07

25 1 1 0 11.70 ± 0.05 4.2E−7
1 1 1 17.93 ± 0.06
1 2 0 22.32 ± 0.05

35 1 1 0 11.53 ± 0.04 5.1E−7
1 1 1 17.67 ± 0.08
1 2 0 22.02 ± 0.07

Cu-MTPHP 15 1 1 0 12.30 ± 0.05 5.6E−7
1 1 1 18.80 ± 0.06
1 2 0 23.64 ± 0.06

25 1 1 0 12.14 ± 0.06 6.2E−7
1 1 1 18.53 ± 0.07
1 2 0 23.31 ± 0.04

35 1 1 0 11.98 ± 0.05 6.8E−7
1 1 1 18.29 ± 0.08
1 2 0 23.02 ± 0.07

Ni-TPHP 15 1 1 0 11.08 ± 0.06 7.5E−8
1 1 1 16.94 ± 0.09
1 2 0 21.20 ± 0.05

25 1 1 0 10.64 ± 0.05 6.3E−8
1 1 1 16.72 ± 0.07
1 2 0 20.93 ± 0.07

35 1 1 0 10.49 ± 0.04 7.7E−8
1 1 1 16.48 ± 0.08
1 2 0 20.63 ± 0.06

Ni-MTPHP 15 1 1 0 11.21 ± 0.03 4.8E−8
1 1 1 17.40 ± 0.06
1 2 0 21.40 ± 0.08

25 1 1 0 11.02 ± 0.04 5.2E−8
1 1 1 17.14 ± 0.06
1 2 0 21.12 ± 0.09

35 1 1 0 10.91 ± 0.03 4.8E−8
1 1 1 16.91 ± 0.06
1 2 0 20.82 ± 0.08

Co-TPHP 15 1 1 0 10.18 ± 0.04 3.4E−8
1 2 0 19.95 ± 0.06

25 1 1 0 10.02 ± 0.03 5.9E−8
1 2 0 19.66 ± 0.07

35 1 1 0 9.90 ± 0.05 4.2E−8
1 2 0 19.40 ± 0.06

Co-MTPHP 15 1 1 0 10.59 ± 0.05 3.9E−8
1 2 0 20.21 ± 0.07

25 1 1 0 10.47 ± 0.04 3.5E−8
1 2 0 19.96 ± 0.08

35 1 1 0 10.30 ± 0.06 4.6E−8
1 2 0 19.65 ± 0.06

Mn-TPHP 15 1 1 0 9.87 ± 0.04 5.1E−8
1 2 0 19.18 ± 0.08

25 1 1 0 9.72 ± 0.06 4.9E−8
1 2 0 18.92 ± 0.09

35 1 1 0 9.60 ± 0.05 7.2E−8
1 2 0 18.65 ± 0.08

Mn-MTPHP 15 1 1 0 10.05 ± 0.06 8.1E−8
1 2 0 19.45 ± 0.09

25 1 1 0 9.91 ± 0.07 3.4E−8
1 2 0 19.20 ± 0.08

35 1 1 0 9.77 ± 0.08 9.5E−8
1 2 0 18.90 ± 0.09

Definitions of stability constants.
KML = [ML]/[M][L].
KMHL = [MHL]/[ML][H].
(L = thiosemicarbazone ligands); (Charges are omitted for simplicity).
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alkyliminobis(methylphosphonic acid) derivatives whereas the pK
values of N-ethyliminobis(methylphosphonic acid) (12.20, NH) [51],
and N-methyliminobis(methylphosphonic acid) (11.75,NH) [51] are
considerably greater than that of iminobis(methylphosphonic acid)
(11.20, NH) [52]. This means that, substitution with an alkyl group has
a great influence on the protonation equilibria of the neighboring
groups.

3.2. Stability constants of the thiosemicarbazone complexes

The stability constants of ML complexes of thiosemicarbazone
ligandswith somedivalentmetal ions inDMSO-water solutionwere de-
termined by use of theMiniquad-75 computer program. Comparing the
titration curve of the free thiosemicarbaazone ligand with those of the
complexed ligand shows that addition of the copper ion to the free
thiosemicarbazone ligand solution of the complexes shifts the curve to
lower pHs. In other words, the curves of the complexes are situated at
lower pHs than the free ligand curve as they required more alkali to
have the same pH as the free ligand. This can be explained simply as a
result of proton release from the coordinated ligand, which implies
complex formation. The stoichiometric stability constants of M(II)
complexes of the investigated thiosemicarbazone ligands were deter-
mined in 50% DMSO-water mixture at different temperatures and
these constants are given in Table 2. The data also showed the formation
of the metal complexes with stoichiometric coefficients 110, 111 and
120.

The high stability of M(II)-MTPHP complexes thanM(II)-TPHP com-
plexes can be attributed to the presence of —CH3 group in the
thiosemicarbazide moiety which is in agreement with the basicity of
these ligands. This is quite reasonable because the presence of the
above —CH3 group (i.e. an electron-donating group) will enhance the
electron density by their high positive inductive effect, whereby
stronger chelation was formed. This study indicated that alkylation of
the N-terminal of thiosemicaarbazone has a highest effect on the
stability of the formed complexes. This is in accord with the published
data in literature [53].

The pKa of the protonated complex can be calculated using Eq. (4)
[54,55].

pKa ¼ logβ111− logβ110 ð4Þ

This value is in fair agreement with pKa of SH group (7.41) taking
into consideration the acidification upon complexation i.e. the lower
value (6.25) than that of free TPHP ligand (7.36) indicates acidification
upon coordination to Cu(II) as a representative example of protonated
metal(II)-thiosemicarbazone complexes by 1.16 pH units (7.41 to
6.25). This may indicate that the NN donors of TPHP are the binding
sites in the protonated (CuHL) complex.

In order to investigate change in the concentration of the copper(II)
complexes with pH, the species distribution diagram for Cu-TPHP
system is examined (Fig. 2) as a representative example of Cu(II)
complexes. In the Cu-TPHP distribution diagram, it will be seen that
the complex CuHL is formed with maximum percent of 80% at pH 5.0.
The deprotonated Cu-TPHP complex is formed with maximum percent
of 63% at pH 8.0 forms. Cu(TPHP)2 complex is formed with maximum
percent of 18% at pH 8.0. Copper(II) ion was found to combine easily
with TPHP-thiosemicarbazone ligand to form deprotonated (CuL),
protonated (CuHL) and CuL2 complexes depending on the pH of the
solution.

3.3. The relationship between the properties of central metal ion and
stability of complexes

In order to explain why a given ligand prefers binding to one
metal instead of another metal, it is important to link the relation-
ship between the stability constants of metal complexes and
properties of the metal ions, such as the atomic number, ionic radius,
ionization potential and electronegativity. Here, we have discussed
the relationship between the periodic table properties [56] and the
stability constants of complexes. In this investigation, it was found
that, the formation constants of MII-complexes of some transition



Fig. 2. Concentration distribution of various species as a function of pH in the Cu-TPHP system (at concentrations of 1.25 mol·dm−3 for Cu(II) and 1.25 mol·dm−3 for TPHP) at 25 °C and
I = 0.1 mol·dm−3 NaNO3.
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metal ions with thiosemicarbazones obeyed this arrangement:
Mn(II) b Co2+ b Ni2+ b Cu2+ which is consistent with Irving-
Williams' order [57].

The relation between the log10KML and reciprocal of the ionic radii
(1/r) of the studied transition metal ions represents nearly a linear
relationship. Additionally, a linear relation has been noticed between
log10KML and the electronegativities of the metal ions under investiga-
tion (Fig. 3). This is consistentwith the fact that the increase in the elec-
tronegativity of metals (Mn(II) (1.55) b Co2+(1.88) b Ni2+

(1.91) b Cu2+ (2.0)) will reduce the difference in electronegativity be-
tween the metal atom and the donor atom of the ligand. Therefore,
the metal-ligand bond should have more covalent character, leading
to increase the degree of stability of complexes.

A good linear correlation has been obtained between the stability
constants of metal complexes and the second ionization potential of
the metal ions (Fig. 3) under investigation. Generally, it is observed
that the stability constant of the Cu2+ complex is larger in comparison
to the other metals. The ligand field had given Cu2+ further stability
as a result of tetragonal distortion of the octahedral symmetry [58].
Fig. 3. Variation of the stability constants for the M(II)-TP
3.4. Effect of temperature and thermodynamics

The values of thermodynamic parameters that are related to the pro-
tonation of thiosemicarbazones and their metal(II) complexes have
been calculated from the temperature dependent data given in
Tables 3 and 4. Values of ΔH and ΔS were obtained by drawing the rela-
tionship between the values of equilibrium constants (logK) versus re-
ciprocal of temperature (1/T) (logK = − ΔH/RT + ΔS/R) leading to an
intercept ΔS/R and a slope –ΔH/R (Figs. 4 and 5). Main conclusions
from the data can be summarized as follows:

(I) The protonation reaction of the thiosemicarbazones is exothermic
with a net negative ΔG (Table 5).

(II) Often, the color of the solution after formation of the complex dif-
fers from the color associated with the free ligand at the same pH.

(III) Formation constants of metal complexes at different tempera-
tures have been calculated and discussed as follows:

[1] These values decreasewith rising of temperatures, proposing that
the process of complex formation is favored at low temperature.
HP complexes with properties of the metal(II) ions.



Table 3
Stepwise stability constants for ML and ML2 complexes of TPHP-thiosemicarbazone
ligands in 50% (v/v) DMSO-water mixtures and 0.1 mol·dm−3 NaNO3 at differen
temperatures.

Mn+ 15 °C 25 °C 35 °C

logK1 logK2 logK1 logK2 logK1 logK2

Mn2+ 9.87 9.31 9.72 9.21 9.60 9.05
Co2+ 10.18 9.77 10.02 9.64 9.90 9.50
Ni2+ 11.08 10.12 10.94 9.99 10.79 9.84
Cu2+ 11.84 10.78 11.70 10.62 11.53 10.49

Table 4
Stepwise stability constants for ML and ML2 complexes of MTPHP-thiosemicarbazone
ligands in 50% (v/v) DMSO-water mixtures and 0.1 mol.dm−3 NaNO3 at differen
temperatures.

Mn+ 15 °C 25 °C 35 °C

logK1 logK2 logK1 logK2 logK1 logK2

Mn2+ 10.05 9.40 9.91 9.29 9.77 9.13
Co2+ 10.59 9.62 10.47 9.49 10.30 9.35
Ni2+ 11.21 10.19 11.03 10.09 10.91 9.91
Cu2+ 12.30 11.14 12.14 11.04 11.98 10.84

Fig. 4. Effect of temperature on t
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[-
2-t

t

] It is known that divalent metal ions exist in solution in the form of oc-
tahedral hydrated species [59]. So it can be considered that the values
of entropy and enthalpy, which was obtained as the sum of the contri-
butions of both liberation of water molecules and formation of bonds
between themetal and ligand. From these results the following conclu-
sions can be derived:
[3] Of the data (Tables 3 and 4) reveals that logK1 for TPHP and

MTPHP complexes is somewhat larger than logK2·This is due to
the fact that the interaction of a second bulky ligand molecule is
usually weaker than the first ligand, i.e., the ML2 (1:2) species is
not formed until complete formation of the ML(1:1) species.
This can be ascribed to: (i) The increase in the Lewis acidity of
the free metal ion (M+n) as compared to the 1:1 chelated ion
(ML+ n–1) and (ii) The steric hindrance caused by the addition
of a second bulky ligand molecule on the ML+ n–1 chelated ion.

[4] For the same ligand at constant temperature, the stability of the
chelates increases in the order Cu2+ N Ni2+ N Co2+ N Mn2+

[60–62]. This order largely reflects that the stability of Cu2+

complexes is considerably larger than those of other metals of
he proton
the 3d series. Under the influence of both the polarizing ability
of the metal ion [63] and the ligand field [64], Cu2+ will receive
some extra stabilization due to tetragonal distortion of octahedral
symmetry in its complexes. The greater stability of Cu2+ com-
plexes is produced by the well-known Jahn-Teller effect [64].

[5] All negative values of the Gibb's free energy associated with the
process of formation of complexes illustrate the spontaneous na-
ture of the complex formation reactions.

[6] The negative values of the heat content (ΔH) showed that the
process of formation of complexes is exothermic demonstrating
that the process of chelation is preferable at low temperatures.

[7] The values (ΔS) for the ligand complexes are positive, confirming
that the complex formation is entropically favourable [65] and the
mechanism of complexation is based on hydrogen ion (H+) liber-
ation and the release ofwatermolecules [66]. During formation of
metal chelates, water molecules from the primary hydration
sphere of the metal ion are displaced by the chelating ligand.
Thus there is an increase in the number of particles in the system
i.e., randomness of the system increases as shown in the following
equation

M H2Oð Þn
� �þ2

aqð Þ þ L− aqð Þ⇌MLþ aqð Þ þ nH2O: ð5Þ
[8] The negative values of both ΔG and ΔH of the complexation
process indicate that the complexation process proceeds sponta-
neously and exothermically, respectively, i.e., the complex for-
mation is enthalpically favourable.
In general, the abnormal higher positive values of ΔS for all the
complex systems are consistent with the hypothesis that a large
number of water molecules are released upon complexation
with probability of change for the coordination number [67].
This was supported by the values of ΔH, where it was found
that –ΔH1 N −ΔH2 for the TPHP and PTPHP-thiosemicarbazone
complexes (Tables 6 and 7). The lower negative values of ΔH2

were taken as good evidence for a change in the dentate character
of the TPHP and PTPHP ligands from tridentate (SNN-donors) in
the 1:1 complexes to bidentate (SN-donors) in the 1:2, M:L,
complexes, whereby the steric hindrance in the 1:2 species is
relieved. Similar observations were obtained by Evans et al. [68].
The higher values of the thermodynamic functions for the
Cu(II)-complexes is attributed to the 3d9-configuration of
Cu(II) which undergoes Jahn-Teller distortion. On the other
ation constant of TPHP and MTPHP .



Fig. 5. Effect of temperature on the formation constant ofM-TPHP complexes.

Table 5
Thermodynamics for the association of TPHP, MTPHP and PTPHP thiosemicarbazones in
50% DMSO-50% H2O(v/v).

System ΔH°
(kJmol−1)

ΔS°
(JK−1 mol−1)

ΔG°
(kJmol−1)

TPHP
L− + H+ ⇌ LH −47.60 48.82 −61.97
HL + H+ ⇌ H2L+ −34.61 24.12 −41.67

MTPHP
L− + H+ ⇌ LH −55.83 22.21 −62.34
HL + H+ ⇌ H2L+ −39.48 27.57 −47.55

Table 7
Thermodynamic functions for ML and ML2 complexes of MTPHP, thiosemicarbazones in
50% (by volume) DMSO-water mixture and 0.1 mol·dm−3 NaNO3.

Mn+ T/K Gibbs
energy/kJ·mol−1

Enthalpy/kJ·mol−1 Entropy/J·mol−·K−1

ΔG1 ΔG2 ΔH1 ΔH2 ΔS1 ΔS2

Mn2+ 288 −55.45 −51.86 −46.05 −44.34 32.55 26.04
298 −55.62 −52.09
308 −55.77 −52.12

Co2+ 288 −58.43 −56.22 −47.65 −44.40 37.53 30.06
298 −58.77 −56.42
308 −58.80 −56.57

Ni2+ 288 −61.85 −61.46 −49.40 −46.04 43.08 35.42
298 −61.96 −61.97
308 −62.28 −61.88

Cu2+ 288 −67.86 −62.57 −52.63 −49.38 52.85 45.57
298 −68.14 −62.70
308 −68.39 −63.02
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hand, the lower values for the Mn(II)-complexes may be
attributed to the 3d5– configuration of Mn(II) which probably
exists as tetrahedral [Mn(OH2)4]2+ in aqueous solutions [69].

3.5. Effect of ionic strength on the protonation constants of
thiosemicarbazone compounds

The ionic strength of the medium (μ) is given by Eq. (6)

μ ¼ 1=2ΣZi
2mi ð6Þ
Table 6
Thermodynamic functions forML andML2 complexes of TPHP, thiosemicarbazones in 50%
(by volume) DMSO-water mixture and 0.1 mol·dm−3 NaNO3.

Mn+ T/K Gibbs
energy/kJ·mol−1

Enthalpy/kJ·mol−1 Entropy/J·mol−1·K−1

ΔG1 ΔG2 ΔH1 ΔH2 ΔS1 ΔS2

Mn2+ 288 −54.46 −51.37 −44.48 −42.77 34.46 30.06
298 −54.50 −51.53
308 −54.80 −51.60

Co2+ 288 −56.17 −53.90 −46.07 −44.42 34.84 32.93
298 −56.24 −54.11
308 −56.52 −54.23

Ni2+ 288 −61.13 −55.83 −47.69 −46.04 46.52 34.08
298 −61.41 −56.07
308 −61.60 −56.17

Cu2+ 288 −65.32 −59.48 −50.96 −47.73 49.97 40.59
298 −65.67 −59.61
308 −65.82 −59.88
wheremi is themolar concentrations of the ions and Zi are their charges.
This is related to the activity coefficients of the ions in solution by the
following Eq. (7)

logγ� ¼ −αZþ Z−j jμ 1=2 ð7Þ

where γ± is the activity coefficient of cations and anions,α is the degree
of dissociation, and Z+|Z−| is the positive product of the ionic charges.
When the concentration of free ions in solution is very low, γ± becomes
close to unity and the ions are not affected by each other. At higher
concentrations, γ± is not close to unity and the ions of opposite charges
attract each other [70]. Therefore, the effect of variation of ionic strength
Table 8
Proton-ligand association constants of TPHP at different ionic strengths at 25 °C.

System Ionic strength log KNH
a log KSH

TPHP 0.05 11.21 ± 0.05 7.54 ± 0.08
TPHP 0.10 11.07 ± 0.01 7.41 ± 0.04
TPHP 0.15 10.97 ± 0.06 7.29 ± 0.06
TPHP 0.20 10.88 ± 0.01 7.18 ± 0.05
TPHP 0.25 10.79 ± 0.03 7.09 ± 0.08

a Protonation constants ± standard deviations.



Fig. 6. Plot of log K vs
ffiffiffi
μ

p
at 25 °C (the values of correlation coefficients are 0.991–0.993).
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on the protonation constants of the TPHP as a representative example of
thiosemicarbazone compounds has been investigated. For this purpose,
the proton ligand protonation constants of the TPHP ligand have been
evaluated at five different ionic strengths (0.05, 0.10, 0.15, 0.20 and
0.25 M) using sodium nitrate as a supporting electrolyte at constant
temperature (298 K). It was observed that the protonation constants
of the TPHP thiosemicarbazone decrease with increase in the ionic
strength of the medium (Table 8) which is in good agreement with
the Debye-Hückel equation [71]. logKProtonation values were plotted vs.
square root of μ as per the Debye-Huckel equation (Fig. 6). The plots
of log K vs

ffiffiffi
μ

p
for all systems were found to be linear with correlation

coefficient ranges from 0.98–0.99.

4. Conclusions

Complex formation equilibria of M(II), with thiosemicarbazones
were investigated in 50% DMSO-H2O mixture. Chemical equilibrium
studies indicated that substitution of hydrogen in thiosemicarbazone
(TPHP) by methyl group causes lowering of acidity as a result of the
electron-releasing effect of the methyl group in the substituted amino
group. The protonation constants of the TPHP thiosemicarbazone com-
pound decrease with increase in the ionic strength of the medium.
M(II)-MTPHP complexes is more stable than M(II)-TPHP complexes as
a result of electron-releasing effect of N-methyl group complexes. It is
hoped that the obtained data will be a significant contribution to
workers carrying out mechanistic studies in biological media. For the
TPHP and MTPHP complexes, log K1 N log K2 indicating that the vacant
sites of the metal ions are more freely available for binding of the first
ligand than for the second one. The complexation (chelation) process
is spontaneous, exothermic and entropically favourable. More stable
complexes will be formed with: i) Hard-hard or soft-soft interactions
of the metal ions and the ligands; ii) Small sizes of the metal ions; iii)
Higher basicity of the ligands and iv) Lower temperatures which is con-
sistent with exothermic complexation.

Abbreviations

PHP 1-(phenyl-hydrazono)-propan-2-one
TPHP 2-(1-(2-phenyl-hydrazono)-propan-2-ylidene) hydrazine-

carbothioamide
MTPHP N-methyl-2-(1-(2-phenyl-hydrazono)-propan-2-

ylidene)hydrazinecarbo-thioamide
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