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ÖZ E T

Sunulan çalışma, salisilik asit hidrazürün (SAH) ve kadmiyum(II), bakır(II), mangan(II), nikel(II), çinko(II), 
kobalt(III) ve demir(III) komplekslerinin elektrokimyasal incelenmesini içermektedir. Polarografiden 

elde edilen sonuçlar, dönüşümlü voltametre sonuçlarıyla karşılaştırılmıştır. Civa kolon yüksekliğinin dalga 
yüksekliğine etkisi; kompleks derişiminin dalga yüksekliğine ve yarı-dalga potansiyeline etkisi ve sıcaklığın 
etkisi vb. değişkenler ayrıntılı olarak incelenmiş ve indirgenme bölge duyarlılığı sunulmuştur. 

Anahtar Kelimeler 
Salisilik asit hidrazür, metal kompleksler, polarografi, dönüşümlü voltametre.

A B S T R AC T

The present article deals with the electrochemical investigations of salicylic acid hydrazide (SAH) and its 
complexes of cadmium(II), copper(II), manganese(II), nickel(II), zinc(II), cobalt(III) and iron(III). The results 

obtained in polarography are compared with that in cyclic voltammetric studies. The effect of height of the 
mercury column on wave height, the effect of concentration of the complex on the wave height and half wave 
potential and the effect of temperature etc were studied in detail and the sites susceptible for reduction were 

explored and presented.
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INTRODUCTION

The physico-chemical properties and potentially 
therapeutic properties [1-4] of metal complexes 

have attracted the considerable attention of 
chemists. In particular electrochemical studies 
have been used to explore the therapeutic 
properties of the complexes [5]. Literature survey 
reveals that polarographic studies have been 
exploited to predict the behavior of ligand and 
their complexes in biochemistry and medicine [6]. 
Polarography proved to be useful for determination 
of oxidation state of metals, both in the ionic 
form and in complexes [7,8].  The lower costs, 
faster results, better accuracy are the powerful 
advantages to employ polarographic methods 
for analyses [8]. The concept of complexation is 
also extensively utilized for the trace analysis of 
pollutants [9,10]. In earlier studies [11], the authors 
exploited general methods i.e. elemental analysis, 
spectroscopy, magnetic moment measurements, 
molar conductivity measurements to study the 
physico-chemical aspects the complexes of SAH 
under study. In this article, the authors reported 
the electrochemical studies of the complexes of 
SAH. 

MATERIALS AND METHODS
All the chemicals used were of analytical reagent 
grade obtained from Merck India Limited. The 
complexes under study were synthesized and 
characterized by the procedures reported in the 
literature [11]. pH measurements were made using 
ELICO pH meter Model L1-10, ELICO Private Limited, 
Hyderabad, India.  ELICO DC Recording Polarograph 
manufactured by ELICO Private Limited, Hyderabad, 
India was used for polarographic studies. The 
mercury flow rate of dropping mercury electrode 
was found to be 1.80 mg/cm2 at a height of 80 cm 
and zero applied voltage. Cyclic voltammetric unit 
consists of X-Y recorder (Model RE. 0074), PAR 
173 potentiostat, PAR 175 universal programmer. A 
single compartment cell model 303 HMDE supplied 
by PAR with silver wire as reference electrode and 
platinum wire as counter electrode was used in 
the studies.  A static mercury (HMDE 303) drop 
electrode with a drop area 0.0096 cm2 was used as 
the working cathode. A circulating type thermostat, 
supplied by Toshniwal, Bombay, India with water as 
the thermostatic liquid was employed to maintain a 
constant temperature.

General experimental procedure 
10 mL of buffer solution and 2.5 mL of metal complex 
solution (1 x 10-2 M), 10 mL of dimethylformamide and 
remaining volume of distilled water to make the total 
volume to 25 mL were taken into a polarographic/
cyclic voltammetric cell. Polarograms/cyclic vol-
tammograms were recorded after deaeration of 
the solution with nitrogen gas. The polarographic 
maxima in all the cases were suppressed by the 
addition of two drops of 0.001% gelatin.  

RESULTS AND DISCUSSION
General polarographic behaviour
All the metal complexes under investigation have 
shown a single reduction wave in the pH range 2.1 - 
10.1.  The reagent when present alone did not give 
any polarographic wave.  The half wave potentials of 
the waves were found to be more negative when 
compared to the simple metal ions.  The change in 
half wave potential (E

1/2
) with the concentration of 

the complex may be attributed to the irreversible 
electrochemical behaviour of the complex [12].  The 
same was further confirmed from the non integral 
values of n obtained from the plots of log  vs 

E
1/2

 (Figure 1).  The values of H/h1/2 were fairly 
constant.  A plot of concentration of the complex 
versus wave height was linear (Figure 2).  All these 
facts reveal that the complexes undergo a diffusion 
controlled irreversible reduction. The half wave 
potentials were shifted to more negative values with 
the increase of pH of the media.  However there was 
no change in the half wave potential beyond 8.1.  
The shift of half wave potentials to more negative 
values with increase in pH suggests that the protons 
(P) were involved in the reduction process.  Further 
the non integer value of P (Tables 1 and 2) confirms 
the surface protonation. However the wave height 
remains constant beyond pH 8.1.   The decrease in 
wave height upto pH 8.1 may be due to the 
electroactive nature of the protonated form of the 
depolarizer. Beyond pH 8.1, both forms of the 
depolarizer were electroactive and were reduced at 
the same potential.

Effect of temperature
To study the effect of temperature on half wave 
potential and the diffusion current, the polarograms 
of the metal complexes were recorded at 303, 313, 
323 and 333 K at pH 4.1.  The data is presented 
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in Table 3. The complexes exhibit a well defined 
single wave at all temperatures studied.  At all 
temperatures the ratio of wave height (H) and h1/2 
values was almost constant.  The diffusion current 
increases with increase in temperature and the 
value of temperature coefficient for the diffusion 
current [13] was in the range 0.7-1.4% deg-1.

Tomes criteria [14] was employed to determine 

Figure 1. Semi log plots of M-SAH complexes under study; 
pH = 4.1; Medium = Dimethylformamide (50% by volume)

Figure 2. Effect of concentration of M-SAH on its limiting 
current; Medium = Dimethylformamide (50% by volume).
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the irreversible nature of the polarographic wave 
and to deduce the values of ana (the product of 
transfer coefficient (a) and the number of electrons 
(na) involved in the rate determining step). ana 
values presented in the Table 3 decreases with 
temperature.  As the temperature increases, the 
transfer of electrons becomes difficult resulting 
in the decrease of a values.  The decrease in  ana 
value [15-18] suggest that the system was tending 
to become more irreversible and was further 
supported by the greater negative values of half 
wave potential with increase in temperature. 

Kinetic and thermodynamic parameters
The kinetic and thermodynamic parameters were 
evaluated from the equations proposed by Meites-
Israel [19], Oldham-Parry [20] and Gaur-Bhargava 
[21]. The value of diffusion coefficient value required 
for the calculation of formal rate constant (Kºf,h) at 
different temperatures was evaluated from Stoke-
Einstein equation.  Thermodynamic parameter data 
(Tables 4 and 5) reveal that the formal rate constant 
decreases [19] with increase in temperature except 
in the case of Mn(II)-SAH complex indicating that 
the electrode reactions were becoming increasingly 
irreversible with increase in temperature.  This 
was in good agreement with the conclusions 
arrived on the basis of ana values. A similar trend 
in thermodynamic parameters namely, enthalpy of 
activation (DH*

P
), the heat of activation at constant 

volume (DH*
V
), activation free energy change (DG*) 

and the entropy of activation (DS*) was observed. 
The sites susceptible for reduction were metal ion 
present in the complex, amide (-CONH-) present 
in the salicylic acid hydrazide and the azomethine 
group present in the enolic form of salicylic acid 
hydrazide. 

However, the metal ion present in the complex 
was more susceptible for reduction than the other 
groups mentioned above.  The single wave obtained 
in the pH range of study for all the metal complexes 
may be attributed to the reduction of M (II) to M (0) 
involving two electrons.  This fact was confirmed by 
the millicoulometric data [19] given in Table 6. The 
polarographic behaviour of iron(III) and cobalt(III) 
complexes of SAH was different when compared 
that of metal complexes of manganese(II), nickel(II), 
copper(II), zinc(II) and cadmium(II).  p
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Polarographic behaviour of SAH complexes 
of iron (III) and cobalt (III)
The polarographic behaviour of iron(III) and 
cobalt(III) complexes of SAH have been studied in 
the pH range 2.1 to 10.1.  The complexes of iron(III) 
and cobalt(III) have resulted in two waves. 

First wave
A single well defined wave observed in the pH range 
2.1 to 4.1 may be attributed to one electron reduction 
of the metal complex. The half wave potential values 
of the metal complexes were shifted to more 
negative values compared to the half wave 

Table 3. Effect of temperature on the polarographic characteristics of  

Metal-SAH complex; Medium : Aqueous DMF (40% V/V); [Mn(II)-SAH]:1×10-3 M; pH:4.1

Temperature K
Half wave 
potential, 

-E
1/2

V vs SCE

Wave Height, H 
(cm)

Temperature 
coefficient % 

(deg-1)
an

a

D x 106

(cm2 sec-1)

Mn(II)- SAH

303 1.54 2.7 - 0.51 1.527

313 1.59 3.0 1.054 0.49 1.885

323 1.65 3.4 1.252 0.47 2.421

333 1.71 3.8 1.112 0.45 3.024

Ni(II) – SAH

303 0.65 5.4 - 0.75 6.107

313 0.69 6.1 1.219 0.72 7.793

323 0.74 6.8 1.233 0.69 9.684

333 0.79 7.6 1.112 0.67 12.096

Cu(II) – SAH

303 0.12 5.3 - 0.76 5.881

313 0.15 5.9 1.072 0.74 7.290

323 0.19 6.6 1.121 0.71 9.122

333 0.23 7.3 1.008 0.69 11.160

Zn(II) – SAH

303 1.18 5.2 - 0.73 5.663

313 1.23 5.8 1.092 0.71 7.045

323 1.29 6.5 1.139 0.69 8.848

333 1.35 7.3 1.161 0.67 11.160

Cd(II) – SAH

303 0.62 5.3 - 0.57 5.883

313 0.68 6.0 1.241 0.53 7.539

323 0.75 6.8 1.252 0.50 9.684

333 0.82 7.6 1.112 0.47 12.096

Fe(III) – SAH

303 0.27 2.6 - 0.67 5.659

313 0.30 2.9 1.092 0.64 7.045

323 0.34 3.2 0.984 0.60 8.578

333 0.38 3.6 1.178 0.57 10.856

Co(III) – SAH

303 0.36 2.4 - 0.74 4.825

313 0.39 2.7 1.178 0.70 6.107

323 0.43 3.0 1.054 0.66 7.539

333 0.49 3.3 0.953 0.64 9.122
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potentials of the simple metal ions. The values of 
H/h1/2 were fairly constant (Table 7). The plots of 
wave height Vs concentration of the complex were 
linear. These facts reveal that the complexes were 
undergoing diffusion controlled reduction. The 
change in half wave potential with the concentration 
of the complex may be attributed to the irreversible 
behaviour of the complex.  The fractional values of 
n obtained from the plots of log  vs -E

1/2
 

further confirms this fact. The involvement of 
protons in the reduction process was revealed by 
the shift of half wave potentials towards negative 
values with increase in pH. However, an increase in 
wave height with increase in pH in the case of 
Fe(III)-SAH complex may be attributed to the 
electroactive nature of the unprotonated form of 
the complex.  The wave height remains constant 
beyond pH 8.1.  Whereas in case of Co(III)-SAH 
complex, the wave height decreases with increase 
in pH.  This suggests that the protonated form of 
the complex was electroactive.

Second wave
The absence of second wave in the pH range 2.1-4.1 
may be ascribed to the formation of a species that 
can be reduced at more negative potentials. A 
second wave was observed in the pH range 6.1-10.1 
of study.  With increase in pH and also with increase 
in concentration of the complex, the half wave 
potentials of the second wave were shifted to more 
negative values.  n value was found to be a non-
integer. These facts suggest the irreversible 
nature of the electrode process.  A linear 
relationship observed between log  vs -E

1/2
 

and the constancy of H/h1/2 values suggest the 
diffusion controlled nature of the reduction 
process. The effect of pH on the half wave potential 
and the effect of pH on the wave height were 
similar to that observed for the first wave.

Effect of temperature
The metal complexes exhibit a single wave at 
temperatures 303, 313, 323 and 333 K in buffer 
solutions of pH 4.1.   The data presented in Tables 
3, 4 and 5 concludes following points. 
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With increase in temperature [22], 
•	 the half wave potential values tend to become 

more negative,  the wave height increases, (the 
temperature coefficient values for the diffusion 
current were in the range 0.95-1.18% deg-1).  

•	 an
a
 values decrease. 

The above facts suggest that the electrode process 
was irreversible and diffusion controlled. Kinetic 
parameters data presented in Tables 4 and 5 
suggest that the reduction process was becoming 
increasingly irreversible with increase in pH. This 
observation was further confirmed by the decrease 
in K°f,h and increase in DG* values.
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Reduction Pattern 
The millicoulometric data is presented in Table 6. 
For M(II)-SAH complexes (M= Ni, Mn, Cu, Zn, Cd), 
the single wave indicted the two electron reduction 
process as shown below.

M(II)-SAH M(0)
2e

Whereas for M(III)-SAH complexes (M= Fe & Co) 
indicate that the reduction process involve one 
electron in the case of first wave and two electrons 
in the case of second wave.  The wave height of the 
second wave was two times to that of the first wave.  
Hence the sequence of the reduction process may 
be represented as

M(III)-SAH
1e

M(II)-SAH

M(II)-SAH M(0)
2e

Cyclic voltammetric studies
The cyclic voltammograms for all the complexes 
were recorded in solutions of pH 4.1 and 8.1 at the 
scan rates of 10, 20, 50, 100, 200 mV/sec using 
HMDE as the indicator electrode.  

Cyclic voltammetric behaviour of Cd(II)–SAH, 
Mn(II)–SAH and Zn(II)-SAH complexes
The results obtained in the cyclic voltammetric 
studies on SAH complexes of Cd(II), Mn(II) and Zn(II) 
and are presented in Table 8.

The cyclic voltammograms of the three metal 
complexes contain a cathodic peak at all scan 
rates.  The absence of anodic peak in the reverse 
scan indicates the irreversible nature [23] of the 
reduction process.  The presence of single cathodic 
peak in all cases suggests that the reduction process 
involves two electrons as observed in polarographic 
studies. The peak potentials and the peak currents 
increase with increase in the scan rate.  Further, 
increase in peak potential was more pronounced 
at pH 8.1 compared to that at pH 4.1. The increase 
in peak current values with increase in scan rate 
indicates that no chemical reaction was taking place 
at the vicinity of the electrode [24].

Nature of the electrode process
The electrode process was found to be irreversible 
and diffusion controlled under experimental 

conditions of study.  The diffusion controlled nature 
of the electrode process was confirmed by the 
following facts. 

1. linearity of i
pc

 vs n1/2 plots [25],
2. unaltered i

pc
/n1/2 values  [26],

3. the increase of peak current with increase in the 
concentration of the depolarizer [26].

The irreversible nature of the reduction process was 
confirmed by the following facts.
1. The i

pc
/n1/2 vs n plots were not parallel to the 

scan rate axis and may be related to the case III of 
Nicholson-Shain criteria [27].
2. The anodic peak was absent in the reverse scan 
[26].
3. The value of (E

pc/2
 – E

pc
) was greater than 56.5/n 

mV [26].
4. The shift of E

pc
 towards more negative potentials 

[26].

Ni(II)-SAH complex
The results presented in Table 9 indicate that a single 
cathodic peak was observed at low scan rates.  Two 
cathodic peaks and one anodic peak were observed 
at high scan rates.  

The electrode process was found to be diffusion 
controlled.  The first cathodic cyclic voltammetric 
peak may be due to the one electron reduction 
of Ni(II)-SAH complex to the Ni(I)-SAH complex.  
The second cathodic peak may be due to the one 
electron reduction of Ni(I)-SAH complex.  The peak 
currents increase with increase in scan rates.  The 
peak current values were almost the same for the 
two peaks indicating that the reduction involves one 
electron in each step.  An anodic peak was noticed 
in reverse scan at high scan rates.

Two possible explanations may be offered to explain 
the formation of anodic peak.
i. Oxidation of Ni(I)-SAH to Ni(II)-SAH.
ii. Oxidation of Ni(O) – Ni(I).

However, the anodic peak obtained by the 
application of potential below the peak potential 
of the second cathodic peak confirms that the first 
option i.e., oxidation of Ni(I)-SAH to Ni(II)-SAH.  DE

p
, 

the difference between the anodic and the cathodic 
peaks at 25ºC in the present investigation was 
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found to be 60 mV.  Further it was noticed that the 
ratio of cathodic to anodic peak currents (i

pc
/i

pa
) 

was almost equal to one [26].  Hence the electrode 
process may be termed as quasi reversible. 
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Cu(II)-SAH complex
The results pertaining to cyclic voltammetric beha-
viour of Cu(II)-SAH complex are presented in Table 
10. The polarogram and the cyclic voltammogram 
are shown in the Figure 3 and 4.  Cyclic voltammog-
rams at pH 4.1 and 8.1 contain a single cathodic peak 
and two cathodic peaks followed by an anodic peak 
in the reverse scan in solutions of pH 8.1 at high 
scan rates.  In contrast only a single polarographic 
wave was observed at pH 4.1 and 8.1 in polarograp-
hic studies.  An inspection of the cyclic voltammog-
ram as well as the polarogram of the complex in 
solutions of pH 4.1 suggest that the polarographic 
reduction wave seems to manifest itself as a cat-
hodic peak in cyclic voltammetric studies.  This was 
attributed to the reduction of Cu(II)-SAH complex 
to the metal. The two cathodic peaks observed in 
solutions of pH 8.1 at high scan rates suggest that 
the reduction was taking place in two steps.  At high 
scan rates, the formation of two cathodic peaks in-
volves a rapid exchange of electrons in the electro-
de process.  The first cathodic peak was attributed 
to the one electron reduction of Cu(II)-SAH complex 
to the Cu(I)-SAH complex and the second cathodic 
peak was due to the reduction of Cu(I)-SAH complex 
to the metal.  The peak current values were almost 
same.  The reduction process involves two steps 
each involving one electron. An anodic peak was 
noticed in the reverse scan at high scan rates.  This 

behaviour is similar to that observed in the case of 
Ni(II)-SAH complex at pH 8.1.  The potential of se-
paration DE

p
 between the anodic and the cathodic 

peak was 0.060 V and value of the ratio i
pc

/i
pa

 (one) 
suggests that the electrode process was quasi re-
versible.  

Fe(III)-SAH complex
The results pertaining to Fe(III)-SAH complex are 
presented in Table 10. In solutions of pH 4.1, the 
complex produces a single cathodic peak and an 
anodic peak in the reverse scan.  

A small difference of 10 mV between the ano-
dic and cathodic peak potentials was observed.  The 
cathodic peak obtained was due to the reduction of 
Fe(III)-SAH complex to Fe(II)-SAH complex and that 
of anodic peak formation was due to the oxidation of 
Fe(II)-SAH complex to Fe(III)-SAH complex.  A ratio 
of cathodic to anodic peak currents i.e. i

pc
/i

pa
 was ne-

arly one.  These arguments suggest that the elect-
rode process was quasi reversible.  The nature was 
further confirmed by the Case I of Nicholson-Shain 
criteria [27]. Diffusion controlled behaviour is same 
as explained earlier for other complexes.  The stabi-
lity (electro inactive nature) of Fe(II)-SAH complex 
under the experimental conditions was confirmed 
by carrying out the experiment directly with Fe(II)-
SAH complex instead of Fe(III)-SAH complex.

Figure 3. Polarograms of Cu(II)-SAH complex; [Cu(II)-SAH]=1 x 10-3M;  Medium: 40% DMF.

Figure 4. Cyclic voltammograms of Cu(II)-SAH complex; [Cu(II)-SAH]=1 x 10-3M;  Medium: 40% DMF.
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In solutions of pH 8.1, two cathodic peaks were 
observed.  The peak potentials in general increa-
se with increase in scan rate.  The factors, catho-
de peak potentials were independent of scan rate, 
E

pc/2
 - E

pc
 values were greater than 56.5/n mV and 

the shift of peak potentials to more negative values 
suggest that the electrode process was irreversible.  
Increase of peak current with increase in the con-
centration of depolarizer, a linear plot of i

pc
 vs n1/2 

and constant values of i
pc

/n1/2 suggest that the elect-
rode process was diffusion controlled.

The total peak current values of i
pc I

 + i
pc II

 at pH 8.1 
was almost three times greater than the peak cur-
rent values for the single cathodic peak obtained at 
pH 4.1 suggest that the reduction process can be 
represented as

pH 4.1:
Fe(III)-SAH

1e
Fe(II)-SAH

pH 8.1
Step 1: Fe(III)-SAH

1e
Fe(II)-SAH

Step 2: Fe(II)-SAH Fe(0)
2e

Co(III)-SAH
The relevant experimental data is presented 

in Table 10. In solutions of pH 4.1, a single cathodic 
peak was observed at all scan rates.  The peak 
potential and peak current values increase with 
increase in scan rate.  The irreversible nature 
of the process was confirmed by the absence of 
anodic peak in the reverse scan.  In solutions of 
pH 8.1, two cathodic peaks were observed as was 
shown by Fe(III)-SAH complex.  The explanation 
and reduction mechanism proposed for Fe(III)-SAH 
complex holds good for Co(III)-SAH  complex.  The 
absence of anodic peak in the reverse scan rate and 
the behaviour similar to that reported in the Case II 
of Nicholson-Shain criteria confirms the irreversible 
nature of the electrode process.

CONCLUSION

The detailed electrochemical investigations on se-
ven metal complexes namely Cd(II), Cu(II), Mn(II), 
Ni(II), Zn(II), Co(III) and Fe(III) with SAH were repor-
ted.  The conclusions drawn from the above studies 
are presented in the form of table shown below.

Table 11. Conclusions drawn from the electrochemical studies

M-SAH pH Nature
Polarographic 
studies

Cyclic voltammetric studies Nature

Cd(II Acidic and 
alkaline

Irreversible, 
diffusion 
controlled

One wave Single cathodic peak and 
no anodic peak

Irreversible and diffusion 
controlled

Mn(II)

Zn(II)

Ni(II) 2 cathodic peaks and 1 
anodic peak at high scan 
rates.  

Quasi reversible and 
diffusion controlled

Cu(II) single cathodic peak in 
acidic media, two cathodic 
peaks followed by an 
anodic peak in basic media.

Quasi reversible and 
diffusion controlled

Fe(III) Acidic Irreversible, 
diffusion 
controlled

One wave single cathodic peak and an 
anodic peak

Quasi reversible and 
diffusion controlled

Co(III) One wave single cathodic peak Irreversible and diffusion 
controlled

Fe(III) Basic Two waves two cathodic peaks Irreversible and diffusion 
controlled

Co(III) Two waves two cathodic peaks Irreversible and diffusion 
controlled
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