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INTRODUCTION

Polarography constitutes a powerful and versatile technique for the
study of complexes in solution. Even though the technique was basically initiated for qualitative and quantitative applications and for the
study of some redox systems which were reversible at the DME, the development of many new methods has extended its utility to the study
of many electrode processes and the determination of the stability constants of various metal complexes. The introduction of a new ligand
species in the place of a water molecule is a particular case of a ligand
replacement reaction. The formation of metal complexes in solution
must occur via the successive replacement of water molecules. The extent to which this may occur in a particular instance is referred to as
the lability of the species and a complex is termed labile when substitutions of the above type occur rapidly. The term lability refers to the
ease with which substitution processes occur and so is concerned with
the kinetic stability of a particular species. On the other hand, we also
refer to the thermodynamic stability constant. Thermodynamic stability is a question of the extent to which a complex will be formed from,
or transform into, other species in a system at equilibrium. In the first
case, one is considering the rate at which changes occur which will lead
to the ultimate attainment of equilibrium, while in the second, we are
concerned with changes in a system which has already reached equilibrium. The thermodynamic, overall, stability constant Τβ Μ
of the
species MXn, formed when a metal Μ reacts with Ν monodentate
ligands X, is defined as:
MXN
T(3mxn

=

[mTP^
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During complex formation reactions of metal ions with ligands other
than water molecules, distinct changes are observed in the Polarographie behaviour of the metal ions, namely — a change in the halfWave potential and changes in diffusion current. Studies of stabilities of
metal complexes polarographically involve measurement in changes of
one of these parameters and different methods have been reported depending on the nature of the polarographic reduction of the metal ions
or the complexes and the number of complexes formed. Some well
known methods which are widely used are those of Deford and Hume
/1 / and Lingane /2/. The earlier method was later on extended t o the
determination of stability constants of complexes formed with two
ligand species in solution by Schaap and McMaster /3a/, Casassas and
Eck /3b/ who modified the original method in such a way that the
characteristics of the ligand were taken into consideration. Two important methods are available for the determination of the stability
constants of metal complexes which are electroactive but undergo irreversible reduction at the DME. Both these m e t h o d s make use of the
competitive complexation b y two metal ions with the same ligand
(Schwarzenbach, Ringbom and Eriksson /4a, b/). Mihailov /5/ has given
a mathematical method f o r t h e study of stepwise formation of a series
of mononuclear complexes between M m + and L; which has been verified by applying to a large number of metal complexes /6/. By applying
Lagrange's theorem, Gellings /7/ developed a m e t h o d for the theoretical
analysis of electrode kinetics involving quasi-reversible process. By this
method reversible half wave-potentials can be obtained f r o m the plots.
Koutecky /8/ gave a m e t h o d for the calculation of the transfer coefficient and the rate constants which was applicable t o totally irreversible
processes. A simple and most efficient m e t h o d was developed by Meites
and Israel /9/ which is an extension of Koutecky's method. The Kacena
and Matousek /10/ and Crow / l l / method was applied t o systems
which were either reversible or irreversible. Ever since the study of
metal complexes has been developed, these methods have been applied
for the study of the nature and stability of different metal complexes
and many references are available in various journals, monographs and
books /12-14·/. The stability constants of metal complexes up to the
year 1968 have been compiled by Sillen and Martell / 1 5 / . The study of
metal-amine complexes in aqueous medium relating t o the stepwise
equilibrium was derived b y Bjerrum / 1 6 / . Fogg and coworkers published a review article on the studies of these interactions along with
their applications / 1 7 / . In this review the determination of stability
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constants of complexes formed with various ligands by metal ions
arranged in roughly alphabetical order is reviewed up to the end of
1982. In view of the large number of references available in the literature, the different works have been condensed and mentioned briefly
and readers may refer to the original articles for detailed information.

STUDY OF METAL COMPLEXES

Arsenic
Elenkova and coworkers /18/ have studied As 3+ - EDTA complexes
polarographically and potentiometrically. The formation constants obtained by the two methods were comparable, i.e. log = 19.6 and 19.3
potentiometrically and polarographically respectively. The same
authors /19/ have studied the As 3+ - ascorbic acid system and shown the
formation of As(OH) 2 HL with a stability constant log β = 18.84 ±0.11.
Antimony and Bismuth:
Kondziola and Biernat /20/ studied the complex formation of Bi 3+
and Sb 3 + with chloride. Bi3+ formed only one complex with coordination number 5 whereas Sb 3+ formed a series of complexes with coordination number 1 to 5. The reduction of trivalent antimony at the DME
in the presence of various ligands such as tartrate, citrate, EDTA has
been reported by Mehta and others /21/. The kinetic parameters have
been calculated by different methods and the effect of temperature has
been investigated. It has been reported that irreversibility decreases
with increase of temperature.
Cadmium
Gupta and coworkers /22/ have studied the complex formation of
cadmium with thiodipropionic acid. In aqueous media three complexes
have been reported whose formation constants decreased with temperature while they increase in the presence of 20% DMF. Different parameters were studied in the complexation with adipic acid /23/ and
three complexes have been reported. Benzilic acid /24/ also formed
complexes with this ion which were sparingly soluble in water and
hence their polarographic behaviour was reported in dimethyl formamide-water mixtures.
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Polarographic studies with levulinic acid and pyruvic acid were
undertaken by Gaur et al. /25, 26/. With the former, a reversible
diffusion-controlled reduction was reported along with the formation
constants for two species while with the latter, three complexes were
formed with stoichiometry 1:1, 1:2 and 1:3.
Jain and others have reported complex formation with oxalate /27/
and some other organic ligands, e.g. benzoic acid, phthalicacid and the
sodium salts of m- and p-hydroxybenzoic acids /28, 29/. With oxalate,
three species have been reported with very large formation constant
values. The formation of the same species was also reported by Oncescu
et al. /30/ who have calculated the instability constants by a diffusion
method. Rao and Singh /31 / have reported the complex formation of
cadmium with acetylene dicarboxylic acid. The complexes of cadmium
with malonic acid and fumaric acid have also been studied polarographically /32/.
The application of Deford-Hume's method was extended for the
determination of the stability constants of cadmium ion with valerate
and isovalerate ions by Chowdhary et al. /33/. The former gave two
complex species whereas the latter, formed by isovalerate, were found
to be stronger than those formed by valerate.
The stability constant of a 1:1 complex of cadmium with 2-hydroxy2(dibutylphosphinyl) propionic acid was reported /34/. The interaction
of cadmium with humic acids from two different sources was examined
by Saha et al. /35/. The reduction waves for the three cadmium complexes of inalonate were found to be reversible /36/. Saxena and Gupta
/37/ have reported on cadmium /3-mercaptopropionic acid complexes
and data were interpreted on the basis of the formation of four complexes - CdA, CdAl"", Cd A3" and CdAÜ".
Stepwise stability constants of cadmium with DL-glyceric acid /38/
were determined (K] through K 4 ) and there was a gradual decrease
from Ki to K 4 . Saxena et al. /39/ have studied the cadmium-thiomalate
system and reported the formation of three complexes. The transfer
coefficient (a) and forward rate constant K° h for cadmium-5,5'-thiodisalicylic acid were reported by Srivastava et al. /40/. The complexes
of cadmium-malate, at various pH's and ligand concentrations, were
reported by Khurana et al. /41/. The polarographic study of the cadmium-EDTA chelate, and the reaction mechanism between these two
species in solution, was explained by Laspor et al. /42/.
Saxena et al. /43/ reported the study of methoxyethyl glycolate
with cadmium and stability constants for various species were calcula286

ted. The data were obtained by measuring the shift in the polarographic
Ε % potential of cadmium as a function of ligand concentration. Formation constants of two complexes of cadmium with C1CH2 COO" were
r e p o r t e d / 4 4 / i n the ligand concentration range 0 - 1 . 0 M. Substitution
of CI decreases the protophilic property of the OAc" and may cause
reduced stability of the cadmium complex. The formation constants of
normal and protonated cadmium-chelates with hydroxyethylidenediphosphoric acid were reported /45/. A reversible diffusion-controlled
process involving two electrons was shown for cadmium in 20% dioxane
containing thioglycollic acid /46/. The same ion formed complexes with
p-aminohippuric acid and the formation constants of the complexes
were reported /47/. 0-resorcylic acid was found to form one complex
with the same ion and its dissociation constant was reported /48/.
Krishna et al. /49/ have reported the stability constants of the
cadmium-acetylacetonate system and the change in enthalpy was also
determined. A polarographic study of the reaction products of cadmium with 6-aminohexanoate and sodium-succinate has been reported
/SO, 51/. With the latter, Cd forms a 1:1 complex whose dissociation
constant was reported. Gaur and coworkers reported the formation
constants of metal ion complexes -including cadmium with medically
important compounds such as aspirin, amidopyrine and nicotinate /5254/. With aspirin, three complexes of stoichiometry 1:1, 1:2 and 1:3
were reported. A complete study was carried out for the latter two
compounds. The proline complexes of cadmium and their stability
constants were reported by Prabhu /55/.
Several new complexes of cadmium with 2,1,3 benzothiadiazoles,
4-hydroxy 2,1,3 benzothiodiazole and 4-amino, 2,1,3 benzothiadiazole
have been reported /56/. In these complexes the coordination number
is two and interaction occurs via the sulphur atoms. A 1:3 reversibly
reducible complex of cadmium with thiovanal has been reported /57/
and its dissociation constant evaluated. The polarographic determination of the stability constants of cadmium with pyridine in aqueous and
non-aqueous media was undertaken by Shrivastava et al. /58/. The presence of three complexes was deduced from the plots of Ey2 (SCE) vs.
log C x , where C x is the concentration of the ligand. The same complex
system was studied by Sundaresan et al. /59/ and the stability constants
were determined by indirect methods. Sharma and Gaur /60/ also
studied the system and reported the formation constants of three
complexes. The stability constants of 3-hydroxypyridine with cadmium were reported by Sindhu and others /61/. Cadmium complexes
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of 2,3-dihydroxypyridine have also been reported and their formation
constants /62/.
Gaur et al. /63/ reported the complexes of cadmium with β and γ
picoline; two complexes were reported for the former and three complex species for the latter with stoichiometry 1:1, 1:2 and 1:3. Lovering et al. studied the anomalous polarographic behaviour of bromocadmium complexes /64/ in molten calcium nitrate tetrahydrate and
their stability constants were evaluated. The evaluation of the successive formation constants of the cadmium-thiocyanate system was done
by polarographic measurements /65/. A successful attempt to calculate
the formation constants of cadmium N'-(tris (hydroxy-methyl)-methyl)
glycine, has also appeared /66/.
The evaluation of the stability constants of the cadmium allylthiourea and thiourea complexes has been reported /67, 68/ and the application of the Deford-Hume method in the latter case showed the existence of 1:1, 1:2, 1:3 and 1:4 complexes with their overall formation
constants showing a relative decline in value with increase in temperature. The overall formation constants of the four complex species of
the cadmium-camphorate system /69/, have been evaluated. Successive
stability constant determinations during the formation of cadmium
complexes with 2,2'-dipyridyl in solution /70/, have been investigated
and the stability constants and thermodynamic functions of the
cadmium-tyrosine complex were also studied /71/.
Antoni et al. /72/ reported the formation constants of cadmiumnitrite complexes. Various species were noted and the cumulative
formation constants were determined. The polarographic investigation
of cadmium-ethylxanthate /73/ has been described and various thermodynamic factors calculated. The stability constant of cadmium N,Ndimethylacetamide in solutions containing halide ions including thiocyanate were studied /74/.
Falqui /75/ used polarography for the determination of the consecutive formation constants of the cadmium-ethylenediamine system.
The cadmium-complexes of protonated 1,2 or 1,3 propylene diamine
have also been investigated /76/ and the polarograms of the cadmium
propylenediamine complexes in 25 - 75 vol.% of aqueous methanol
were found to exhibit no maxima /77/. Patel et al. /IS/ studied three
cadmium-Schiff base complexes polarographically in DMF-water media.
The stability constants and thermodynamic parameters of the system
were calculated for the three media at three different temperatures.
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Correlation of the Εy2 values of the system with the dielectric constant
of the medium was verified.
Cerium:
A polarographic study of the Ce(III) complexes of glycine, iminodiacetic acid and nitrilotriacetic acid has been carried out by Chitale
and Pitre/79/;Ce(III) forms two complexes (1:1 and 1:2) with the first
two ligands but only a (1:1) complex with NTA. The order of the stability constants for the 1:1 complexes was glycine < IDA < NTA as
expected.
Chromium:
Handy and Lintnedt /80/ studied the complexation of Cr 3+ with a
series of tris 1,3,5 diketonates in dimethyl sulphoxide and dioxane
water media. The effect of substituent groups on EI/2 was found to be
additive according to the nature of their electron-polarizing ability. A
strong correlation was shown to exist between the Εy2 and polar substituent constant Σσχ. Hughes and Maero /81/ evaluated the red oxpotentials of CrLl + - CrL3+ and Crl4 + - CrL3+ where L is 1,10-phenanthroline or substituted 1,10-phenanthrolines using a.c. and d.c. polarography. The degree of metal-ligand interaction in these complexes increases markedly as the oxidation state of the central metal atom
decreases or the electron acceptor ability of the ligand increases.
Cobalt:
Masuda et al. /82/ studied a system containing cobalt(II) and TTHA.
The formation of a binuclear complex was revealed and its formation
constant was calculated. The composition and stability constants of
complexes of the same metal with adipic acid and phthalic acid were
determined by indirect polarography /83/. Malik et al. /84/ established
the composition of the stable cobalt amines with Schiff bases derived
from salicylaldehyde, vanillin and aminoacids.
An indirect polarographic determination of the stability constants of
cobalt(II)-pyridine complexes was undertaken by Sundaram et al. /85/.
The presence of complexes higher than CoPy^+ was indicated, but the
exact values were not calculated because of the low stability of the complexes. Good agreement between calculated and experimental data was
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obtained up to concentrations of 0.5M. Above this, the calculated
values were lower than the experimental values because the influence of
higher complexes was not considered. Some outer-sphere complexes of
trisethylenediamine Co(III) and hexamine Co(III) ion were reported by
Ilcheva et al. /86/.
Boreiko et al. /87/ reported the polarographic characteristics of
Co(II) with 1,10-phenanthroline. Amongst various complexes so
formed the one with 1:2 stoichiometry was found to be most stable.
The influence of pentadentate ligands on Co 2 + /Co 3 + in chelate complexes of salicylaldehydeamine was studied polarographically. A linear
relationship between the Ey2 and σ-m value (Hammett equation) of
the substituents suggested that the electronic exchange between the
substituents of the aromatic ring and the metal atom occurred mainly
via the azomethine group. The stronger the derealization of the electrons into the aromatic system, the greater was the shift of the redox
potential in the anodic direction. The amine ligands also influenced
the behaviour of the metal complex /88/.
Copper
Gaur et al. /89, 90/ have reported the complexation of copper with
dimethylmalonate, phenyl-malonate and crotonate ions. In the case of
malonate, three complex species have been reported. The same authors
/91/ calculated the stability constants of copper in the presence of sulphate ions at constant ionic strength. Three complex species were deduced and their formation constants calculated. Kouimtzis et al. /92/
have reported the formation constants of the copper complexes of
benzylmalonic acid in aqueous solution. The copper complexes of the
isomeric forms of tartaric acid have also been studied polarographically
/93/. Habashy /94/ has reported on the three copper-salicylate complexes and their stability constants were calculated by the DefordHume method. The pyruvic acid /26/ and ethylene dithiodiacetic acid
copper stability constants /95/ have also been reported.
The stability constants of the glycolate and chloroacetato complexes
of copper were reported by Filipovic et al. /96/. The electrochemical
behaviour of the cuprous complex of dithioalkanedicarboxylic acid
/97/ has also been studied in both acidic and alkaline solutions. Electrochemical studies of the copper lactate and glycolate complexes in
aqueous and non-aqueous solvents were reported by Shrivastava et al.
198/. The effects of pH, concentration of ligands, non-aqueous solvents
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and surface active substances were also investigated and the values of
the thermodynamic constants were given. Polarographic studies of the
interaction of copper(II) with monoethanolamine, 2-methylethanolamine, 2-ethylethanolamine and dimethylethanolamine in aqueous
solutions have been described by others / 9 9 , 1 0 0 / .
A study of electrode kinetics and formation constants of coppertetramethyleneimine in aqueous solution has been undertaken by Gaur
/101 /. The overall stability constants were calculated and further confirmed by Mihailov's method. The complexes with diethanolamine and
pyridine /102/have also been studied. Juozenas et al. /104/reported the
complexation of copper with triethanolamine and the stability constants were calculated. Successive stability constants of copper with
ethylenediamine were also measured by Falqui /105/. Hall et al. /106/
reported the polarography of the copper complex of ethylenediamine
(en), N-(l-hydroxyethyl)en, and N,N'-bis(2-hydroxyethyl)enin alkaline
solution and the formation constants were given. The 2-(hydroxymethyl)pyridine-copper complexes were studied by Tissierei al. /107/.
Nozaki /108/ reported the complexation of copper ions with en-NN'-diacetate in a solution having ionic strength 0.2, and the stability
constants were calculated by the Schaaps, Lingane and Deford-Hume
methods. A reexamination of the copper complexes of 2-2'-bipyridine
in Me0H-H 2 0 (50 vol%) was undertaken by Francesco et al. /109/.
Khan and coworkers /110-112/ have further studied the copper-salicylamide, copper-malonamide and copper-formamide complexes in alkaline
media. In the case of the first complex it was observed that the dissociation constant is inversely related to temperature. The thermodynamic parameters were evaluated for the second complexes. The
complexes of copper with dicyandiamidine in an alkaline medium were
also studied polarographically / I I 3 / and the copper-quinolinate ion by
Bhasin etal. /114/.
The composition and stability constants of the copper complexes of
salicylidene-0-alanine /115/ have been determined and the copper complexes of DL-serine in aqueous solution were also described and their
thermodynamic constants calculated /116/.
Nakao et al. /117/ have reported the preparation and relative stabilities of the copper complexes of some tetradentate Schiff-base ligands.
The relative stability of 16-aldehydes and the corresponding ketone
Schiff-base chelates were investigated in terms of their decomposition
temperature. The complex formation between copper and phlorein has
also been described / I I 8 / . Allylalcohol / I I 9 / was also used as a com291

plex forming agent with copper in aqueous solution. Berge et al. /120/
have reported on metal-oxinates in alcohol-water mixtures. The stability of the complex increased with increasing alcohol concentration and
the number of C-atoms in the alcohol chain. Petitfaux /121 / investigated the structure and stability of copper complexes of 3-pyridylmethanol in aqueous solution.
The stability constants of copper complexes with phosphates were
evaluated by Nozaki et al. /122/. Prokhorova et al. I\23/ studied the
reduction of copper in NH 3 buffer solution in the presence of dimethylglyoxime and reported the stability constants. Vinogradov et al.
/124/ described the complexing of Cu(I) withC 2 -s unsaturated hydrocarbons in acetone solutions. 2-methylpropene and 1-butene /125/
copper complex formation constants were also calculated. Nyoximate
copper chelates were examined polarographically by Manok et al. /126/
and Valentelis et al. /127/ studied the complex formation of S-containing addition reagents with copper ions in dilute H 2 S 0 4 .
Kodamaeia/. /128/ endeavoured to study Cu(II)-N-(2-hydroxyethyl)
en-N,N',N'-triacetate and 2,2'-ethylenedioxy bis (ethyliminodi(acetate))
copper chelates polarographically. The polarographic reduction of the
copper chelates of 1,3-diketones, and their stability and electron transfer mechanism was studied by Richard et al. /129/; chelates which have
aromatic substituents reduce at much more positive potentials than
would be expected in view of their stabilities. The pattern of the reduction of aromatic and aliphatic substituted chelates led to the conclusion
that aromatic groups provide a low-energy path for electron transfer
within the system. Falqui has reported the formation constants of copper 2,2'-bipy. complexes in solution and evaluated their stability constants/130/.
Europium
Zutshi /1311 has examined the polarographic reduction of europium
(Eu 3+ )-benzoate and salicylate complexes in formamide medium. The
EI/2 shifted to more negative potentials in the order Γ < ΒΓ < CP <
C10~4 because of the formation of a halo-aquo complex. The kinetic
parameters were calculated by the Koutecky method and the standard
electrode potential by Hale and Parson's method. The same author
/132/ reported the reduction of the europium aspartate complex in
aqueous DMF and aqueous DMSO solution. The reduction was
diffusion-controlled, but irreversible, and Εy2 shifted to the more negative side with the increase in asparate concentration.
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Tamanaera et al. /133/ have studied the complexation of europium
with DTPA and evaluated the stability constants. The complex of europium with D-2-amino-2-deoxy gluconic acid was reported by Masuda et
al. /134/. Seizo et al. /135/ proposed polarographic and Potentiometrie
investigation of the europium-amino-diacetate complex, successive chelate formation constants were calculated by Bjerrum's method in
Potentiometrie studies. Polarography revealed that the electrode reaction was irreversible though diffusion-controlled.
Sudarshan Lai /136/ reported the instability constant of europiumDL-trypt-ophen complex, and a study of the same metal in acetonitrile
in the presence of thiocyanate and halide ions has been undertaken and
formation constants reported /137/. Rao and Singh /138/ have reported
the stability constants of the europium complexes of crotonic and
acrylic acid using both the Deford-Hume and Lingane's methods respectively for the two acids.
Iron:
Baranowska and Biernat /139/ studied the complexation of Fe 2 +
with oxalate. The complexation constants were compared with results
obtained by other authors.
Indium:
Pushparaja and coworkers /140/ reported the polarographic study of
indium in a lactate medium. The three electron process at low lactic
acid concentration was reversible. The change of EI/2 with the lactate
ion concentration, based on the pH of the solution, was studied and the
stability constants of the three species were reported. The instability
constant of the indium-citrate ion has been investigated /14-1/, at low
pH when the reduction is reversible and at high pH where it becomes
irreversible. Various complex species were postulated. The complexation of indium with dicarboxylic acid derivatives was studied by
Gorelov et al. /142/ and the study was extended to ethylenediamine
(en) Ν,Ν'-dimalonic acid (I) en-N,N'-disuccinic acid (II) and en-N,N'diglutonic acid (III). Each acid formed two complexes, the stability
constants of which were determined. These stability constants decreased in the order of I > II > III. The stability constants of indium
with derivatives of iminodiacetic acid /143/ were calculated by the
Deford-Hume method, viz. iminodiacetic acid, its methyl and ethyl
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derivatives and nitrilotriacetate. The effect of non-aqueous media was
also studied. Prabhu et al. /55/ reported the stability constants of some
indium-proline complexes. The quasi-reversible reduction of indium in
ascorbic acid, reversible reduction of indium in thioglycolic acid and
the formal potentials and stability constants of the complexes involved
were calculated by Yojnik /144/. The study of indium complexation by
monocarboxylic acids was reported by Shrivastava et al. /145/ who said
that in the presence of glycolic, pyruvic, butyric or levulinic acid, quasi
reversible reduction occurred at the D.M.E.; the stability constants were
determined.
Complex formation between indium and thiodipropionic acid /146/
was shown to produce chelates which were reduced reversibly at the
D.M.E. Polarographic studies have also established the structure of an
indium-sodium mandelate /147/ complex and its dissociation constants
were calculated. It was assumed that the acid hydroxy groups are replaced simultaneously during complex formation.
Pandey et al. /148/ have studied the complexation of 2-dimethylaminethanethiol-hydrochloride with indium and two complexes and
their stability constants were reported. The kinetic parameters of the
irreversible reduction of the indium triethanolamine adduct were measured at different temperatures by Bhadra et al. /149/. Kandziela et al.
/150/ investigated some halide-complexes of indium and reported the
stability constants for all the four halides.
Lanthanum
The stability constants of lanthanum thiosulphate complexes were
determined by an indirect polarographic method — by Saraiya et al.
/151/. Three different species were reported having log ß t = 0 . 8 1 , log
02 = 0.6 and log ß 3 = 2.58. The results agreed with the values of the
stability constants reported by other methods.
Lead:
Polarographic studies of Pb complexes with glycolate and oxalate
were undertaken by Jain and coworkers /152, 153/. Waves were found
to be reversible and diffusion-controlled and with increase in ligand
concentration Ey2 shifted to more negative values. In both cases two
complexes were reported to be formed and their stability constants
were calculated. The Deford-Hume treatment, as modified by Irving,
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was applied to the complexes of Pb with malonic, succinic, glutamic
and adipic acids and overall stability constants were calculated. Successive stability constants were seen to increase in all cases /154·/.
Gaur et al. /155, 25, 32/ have studied the Pb-formate, Pb pyruvic
acid, Pb valerate and Pb isovalerate complexes polarographically and
applied the Deford-Hume method to calculate stability constants of the
various types of complexes. The formation constants and other thermodynamic functions of lead with a-resorcylic acid were also reported
/156/; picolinic acid complexes were similarly investigated by Ringin et
al. /157/. The composition and stability constants of the Pb-ethylthiogycolate system were reported by Saxena et al. /158/. The reduction
was reversible and diffusion-controlled; three species were noted and
their thermodynamic functions interpreted.
The stability constants of Pb acetate complexes as a function of temperature and ionic strength were reported by Hwang et al. /159/. The
effects of ionic strength and temperature on the stabilities of the complexes was studied over a wide range of variables. The stability constants of Pb salicylate and 1,2 diaminocyclohexane were reported by
Gaur et al. /160, 61/. Pb was reversibly reduced in Na-salicylate solution and the reduction of both complexes was diffusion-controlled.
Two lead itaconate complexes were reported by Lai et al. /162/. The
chelates of the metal with thio-di propionicacid in water, water-DMF
and water-DMSO were studied by Rawat et al. /163/ at different temperatures. Thermodynamic parameters were also calculated for Pb diethylenetriamine penta acetic acid in aqueous solutions by Letkeman
et al. /164/, and the behaviour of the metal ion in the presence of excess ligand was studied in the pH range 2-10. The lead complexes of
sulfosalicylic, phenylacetic, phenoxyacetic, p-sulfamidobenzoic, o, m
and p-toluic acid and anisic acids were studied by Maheswari et al.
/166/. The m- and p-toluic acids gave precipitates with Pb. In all other
cases the reduction was reversible and diffusion-controlled and the
stability constants and Ey2 at various concentrations were evaluated for
each system.
Studies with malonic and substituted malonic acids were also undertaken /166/ and the three complexes formed between Pb and tartrate
ion /167/ were similarly studied. Gupta and coworkers /168/ have reported the stability constants, AF and ΔΗ values and composition of
the adipate complexes of Pb at two different temperatures. Oxydiacetate complexes o f P b were reported by Nozaki et al. /169/ who found a
variety of complexes at various pH values and evaluated their formation
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constants. Charyulu et al. /48/ reported the dissociation constant of the
Pb 0-resorcylic acid complex. Lead has also been studied in the presence
of maleic and fumaric acids /32/ and the polarographic behaviour of the
formate complex was reported by Yadav et al. /170/ who found that
EI/2 in the Pb formate system first shifted towards -ve and then towards
+ve values as the ligand concentration was increased. Shah et al. /47/
determined the association constant of the lead p-aminohippuric acid
complex while the electrochemical behaviour of Pb in the presence of
6-amino hexanoate was reported by Jain /50/ who gave values of stability constants at two temperatures which increased with rise in temperature. Saxena et al. /1 "71 / have reported the polarographic behaviour of
Pb-n-butylthioglycolate complexes at two different temperatures. The
aqueous complex formation of Pb with cyclic and linear polyethers was
studied by Kodama et al. /172/ and logK ΔΗ and AS were determined.
The stability constants of 1:1 Pb complexes of macrocyclic ligands are
ca. 3 orders of magnitude higher than those with linear ligands.
The formation constants of Pb bromide complexes were investigated
by Sharma et al. /173/. The stability constants and Lingane diffusion
coefficients of the Pb-chloride system in 10-40% wt. aq. dioxane at 25°
were calculated /174/. The Pb-complexes of NH 3 were reported by
Cyrankowska /175/. The overall formation constants for Pb-halides in
dimethylsulphate were reported by Pool /176/. The formation of four
complexes of Pb with arginine was reported at 30° by Lai et al. I Mil.
On anionic charged resins, in the presence of HCO3 and COl", the existence of square complexes of Pb were shown by Fromege et al. /178/,
who also evaluated the stability constants.
Baneijee et al. /68/ have examined the Pb complexes of thiourea and
calculated their formation constants at 30° and 40°C. The values of the
constants decreased markedly with increase in temperature. The same
type of study was also undertaken by Hussain et al. /179/, in an
aqueous medium and they too arrived at the same conclusion. The stability constant of the diethylenetriamine complex has also been reported /180/. Hydroxylamine complexes were reported by Stantscheff
/181/ and stability constants were calculated by the Deford and Hume
method. Triethylenetertramine complexes were reported by Lai et al.
/182/. Kodama /183/ reported the behaviour of Pb-3,6-dioxa-l ,8
octanediamine tetra-acetate by d.c. polarography. The stability constants of complexes formed by Pb with polyethylene polyamines have
been reported by Rao and Gupta /184/. Lead forms two complexes
with ethylenediamine while with higher amines dien, trien and tetren
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only one complex has been
stants have been determined
the complex increased with
Lingane's method calculated
pyridine-2-thiol.

reported. The values of the stability conand it was observed that the stability of
the ring size. Sindhu et al. /185/ using
the stability constants for Pb-3-hydroxy

Manganese
Jain /186/ reported the formation of complexes of manganese with
acetate ion, but the reduction was irreversible although diffusioncontrolled. The Geltings treatment was applied for Ey2 (reversible half
wave potential) and the Deford-Hume method was applied for the
calculation of its formation constants. Three complex species were
found in equilibrium and the percentage distribution of Mn present in
various forms at each acetate ion concentration was-presented. The
kinetic parameters of the electrode process were also evaluated. Mahajani et al. /187/ undertook studies of the reaction between manganese
sulphate and sodium man delate. Mandelic acid forms a 1:1 chelate with
a number of metals owing to liberation of hydrogen ions other than
carboxylic protons. The formation of the complex was ascertained and
the value of stability constant was reported.
The formation constants of the complexes of Mn with sulphate and
formate ions were reported by Jain /188/. The reversible half wave
potentials were calculated from the observed Εy2 by the Koryta treatment for Mn-sulphate and by the Gellings treatment for Mn-formate
complexes. Three complexes were reported with sulphate while with
formate there were two complexes. The composition and stability constants of citrate complexes of manganese were undertaken by Sharma
et al. /189/. A single diffusion-controlled wave at different concentrations of citrate ion was observed. Plots of Ey2 vs. log citrate were linear
indicating the formation of a single complex with coordination number
two whose formation constant was given. Polarography was also used to
assay the reaction and to establish the formation of a 1:1 manganese salicylate complex between manganese sulphate and sodium salicylate
/190/. Dissociation constants of the complexes at two different concentrations of ligand were reported. The structure of the complex
formed from the above reaction is based on the assumption that in the
reaction a hydroxy as well as a carbonyl proton of salicylic acid is
liberated.
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Nickel
Uchiyana et al. /191/ have reported nickel-glycinato complexes. The
nickel-glycine system showed 3-polarographic waves. At low glycine
concentration only the 1st and 2nd waves were observed, but as the
concentration of glycine increased the 1st wave disappeared and a third
wave appeared. The rate constant of the dissociation reaction was determined by means of Koryta's equation from the observed kinetic current
which was independent of pH. The formation constants of M-methylamino-diacetic acid (where Μ = Ni, C u , C d ) / 1 9 2 / were also calculated.
Suyan et al. /193/ have described the behaviour of Ni-complexes
with N-donor ligands e.g. 2-aminobutyric acid, valine and leucine. The
following order of stability constant of complexes, Ni-2-aminobutyric
acid > Ni-leucine > Ni-valine was reported. Falqui /105/ attempted
polarographically to determine the successive stability constants of Ni
in the presence of ethylenediamine. The stability constants of this
system were also determined by other methods.
Cosovic et al. /194/ made polarographic investigations of Ni-acetylacetonates by d.c. and pulse polarography in solutions of acetylacetone
and reported the stability constants. The stability constants for irreversibly reduced Ni-3,5-dimethyl pyrazole in Me0H-H 2 0 were studied by
Crow /195/. The values of the stability constants and the distribution
of the various species were discussed in relation to the structure of the
ligands and the corresponding values obtained for some other metalpyrazoles. The polarographic behaviour of Ο,Ο'-dihydroxyazobenzene
in the presence of Ni was reported by Casassas et al. /196/. In this case
the presence of several other metal ions seems to modify the behaviour
markedly.
The stability constants of nickel-glycylgycine complexes were
determined by applying Calvin and Melchior's extension of Bjerrum's
method at different temperatures by Saxena et al. /197/. Polarographic
reduction waves were determined for 5 χ 1CT3 Μ Ni 2 + in saturated
aqueous Ca(C10 4 ) 2 containing 1.68 Μ NaBr. The instability constant
of NiBr2 from the reversible first reduction wave depended on [Br"]
/198/. The stability constants for a Ni-thiocyanate complex in aqueous
solution was undertaken by Malyarvinskaya et al. /199/ and the instability constants were reported.
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Palladium:
Kalapurna /200/ reported the reduction of Pd complexes of glutamic
acid, glycine and valine with reference to pH, ligand concentration and
reversibility, etc. In comparison with Ni, Pd was expected t o show 3species depending on pH, but at pH 7.5 there is no polarographic wave
owing to the non-reducible anionic complex. Vinogradov et al. /201/
undertook the polarographic study of Pd(II) ethylenediamine(en) and
EDTA and the DME. Complexation depends on the order of addition
of the ligands. On adding en to the Pd-EDTA complex solution containing excess EDTA, equilibrium is reached in 4 - 5 hours. Gaur et al.
1202/ found reversibility of Pd(II) reduction in 0.2 Μ Py + 0.1 Μ HCl.
The effect of the concentration of m-toluic acid on the kinetics of reduction is explained and the overall stability constants and thermodynamic parameters were also reported. A polarographic study of the
Pd(II)-DTPA (diethylenetriamine pentaacetic acid) complex at pH 3.8,
where the reduction was irreversible, was reported by Mendez et al.
/203/. At higher pH, a second wave appears that is more negative than
the first wave, although the limiting current of the total wave remains
constant. Kudra et al. /204/ have reported the polarograms at pH 4.9 of
Pd 2 + in solution containing EDTA and diethylenetriaminepentaacetic
acid.
The kinetic parameters and the overall formation constants, determined by the Gelling and Deford-Hume methods of the Pd(II)-acetylsalicylate system at constant ionic strength, were reported by Zutshi et
al. /205/ while Gaur et al. /206/ undertook the polarographic study of
Pd(II) in various concentrations of a-resorcylic acid(I). Kinetic parameters were calculated using Ceiling's method and the effect of concentration of (I) on the kinetics of reduction of Pd(II) was explained. Overall formation constants were calculated by the Deford-Hume method.
Baghel et al. /207/ have reported the formation of complexes of Pd(II)
with α, β and -y-picolines at the DME. A quasi-reversible 2e~ reduction
wave was obtained in each case which was found to be diffusioncontrolled. From the shift in Ey2 it was deduced that Pd(II) forms 5
complexes with α and (3-picolines and 6 with γ-picolines. Masoud et al.
/208/ have studied the complexes of Pd(ll) and Co(II) with triethanolamine. The mechanism of reduction in the presence of NaOH was
discussed, and it was found that 35% of Co(II) was oxidised to Co(III).
Different isomeric complexes are formed depending on [Co], [TEA],
pH and temperature.
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Praseodymium

andNeodymium:

The stability constants of complexes of azide ions with Pr(III) and
Nd(III) were studied by Khan et al. /209/ according to which the Nd
(III) complex is more stable due to the lanthanide contraction. Chitale
et al. /210/ have reported the polarographic behaviour of Pr(III) with
benzoic acid, protocatechuic acid and salicylic acid using a DME. The
order of stability constants of Pr(lll) with those ligands were benzoate
< protocatechuate < salicylate respectively. The stability constants and
thermodynamic parameters of Pr(IlI) and Nd(III) complexes with glutaric acid, itaconic acid and citraconic acids /211/ have been determined polarographically. An increase in the value of stability constants
of rare earth metal ions with increase in atomic number is observed.

Thallium:
Kodama et al. /212/ reported the reaction of thallium(I) ions in diethylenetriaminepentaacetate solutions by d.c. and a.c. polarography.
The stability constants of normal and Η-chelates of T1 were determined.
The reduction of metal-chelates was found to be of a reversible nature.
Summit potential, Ep and the introduction of Ep into the Kolthoff and
Lingane equation were discussed. Sundaresan et al. /213/ have studied
the stability constants of the thallium-CDTA complex by indirect
polarography.
According to Saxena and coworkers /214/ the polarographic reduction of thallium in ethyl-thioglycolate solution is reversible, diffusioncontrolled and involves a one-electron process at 0.5 Μ ionic strength
and three complex species. The values of the stability constants and
thermodynamic functions were also given. The same author /215/ reported the complexes of thallium with ethylenebis-3-mercaptopropionate and found that the reduction was reversible and diffusioncontrolled. The stability constants and thermodynamic parameters were
also calculated.

Thorium:
The stability constants of the thiocyanate complexes of thorium
have been determined by an indirect method using cadmium as the
indicator ion by the method of Rossotti /216/.
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Titanium:
The complexing reactions between titanium and EDTA and CYDTA
have been studied by Kaneko and Kaneko /217/ who reported the composition and dissociation constants of all the complexes involved.
Uranium:
Dhuley /218/ reported polarographic studies of uranyl-aminoacid
complexes giving stability constants by graphical and numerical methods. Glycine, α-alanine, ß-alanine and histidine formed 2,3,1 and 1
complexes respectively. The uranyl oxalic acid system has been reported by Manok et al. /219/. Formation constants were calculated from
the increase in wave-height with increasing oxalic acid concentration. UN-hydroxyethylethylene diamine tetraacetic acid complexation and
stability constants were reported by Lai et al. /220/ and the process was
found to be reversible and diffusion-controlled. Four complex species
and their stability constants were reported.
Rawat and Gupta /146/ have reported the complexes of uranium
with thiodipropionic acid. The kinetics of polarographic reduction of
uranium(VI) were investigated in H 3 P 0 4 solution by Issa et al. /221/.
Analysis of the reduction waves showed that the process was not reversible. Athavale et al. /222/ studied the reduction of the metal ion in
an acetate buffer. Lai et al. /223/ investigated the complexation of
U 0 2 + with fumaric and maleic acids and reported the formation of two
complexes with the first while only one complex was reported with
maleic acid.
Jacobson et al. /224/ have reported the complexation of U with diethylenetriamine pentaacetic acid by cyclic voltametry and coulometry.
Reduction was reversible, but the reduction product was unstable and
disproportionated. The Deford and Hume method was applied for the
determination of stability constants of U complexes with hexamethylenetetramine and the thermodynamic parameters were also calculated
by Prasad and Saraswati /225/. Polarographic studies were extended to
study successive complex formation reactions between aliphatic amines
and uranyl ion in DMSO by Zanello et al. /226/ with butylamines and
hexylamines. The stability constants of uranium sulphate in MeOHH 2 0 and E t 0 H - H 2 0 media were studied by Karevskii et al. /227/. The
stability constants were found to increase with the alcohol content of
the media. Almagro et al. /228/ have studied the polarography of the
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uranyl ion in sodium carbonate medium. The stability constants and
the number of ligands of the oxidized complex species vary with pH
and ionic strength.
Vanadium:
Schwarzenbach and Sandera /229/ studied the complexes of vanadium with EDTA, using copper as the indicator ion, and reported the
stability constant of the complexes.
Ytterbium:
The polarographic reduction of Yb(III) in acrylate and crotonate
media was studied by Rao and Singh /230/. The forward rate constant
ο
( K f h ) and the transfer coefficient (a) have been calculated by
Koutecky's theoretical treatment as extended by Meites and Israel. The
polarographic reduction of Yb(IIl) in benzoate and salicylate media in
aqueous and non-aqueous mixtures at the DME was undertaken by
Zutshi et al. /231/. The reduction was found to be irreversible and
diffusion-controlled.
Zinc:
Shrivastava et al. /232/ carried out polarographic studies on zinc
butyrate and zinc-levulinate at the DME. Zinc reduction was found to
be reversible and the behaviour was studied in various solvents and the
stepwise formation constants for both the complexes calculated. The
formation constants increased in non-aqueous media. The complexes of
zinc with hippuric acid in aqueous and nonaqueous media were investigated by Gupta and Gupta /233/. The reduction was reversible, involving two electrons. The effects of varying pH, surface active reagents
and non-aqueous media were also studied. The association constants of
ρ-amino hippuric acid were also reported by Shah et al. /4ΊΙ. Electrochemical studies of zinc in DL-serine were made and the presence of
complexes with various stoichiometrics was established / I I 0 / . The reversible electrode behaviour of the zinc-chelate with thiodipropionic
acid in water, water-DMF and water-DMSO media was studied; only
one complex with ratio 1:1 at pH 6.0 was found /163/.
Pyridoxime /234/ was found to form a 1:3 Zn in aq.,aq. formanide,
and aq. DMF media and the overall stability constants of the complex
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and different thermodynamic functions were evaluated. Saraiya et al.
/235/ reported four Zn complexes with thiocyanate. The polarographic
behaviour of Zn 2+ was studied in the presence of glutamic acid, asparticacid and valine /236/. Two diffusion-controlled waves appear at low pH
and persist even in the presence of buffers suggesting the existence of
two species in sluggish equilibrium. Formal instead of standard potentials were used for the calculation of kinetic parameters for the electrode reaction and the stability constants of the complexes. Chaturvedi
et al. /237/, Suyan et al. /238/ have studied the Zn complexes formed
with tyrosine and L-citrulline in aqueous and mixed aqueous media.
The formation constants of the complexes formed by zinc with benzoate and salicylate ions were also studied by the Deford-Hume method
/239/. In acetonitrile, studies of the Znl^" complex were also reported
and the overall stability constants were evaluated /240/. Within certain
limits the wave height is proportional to Zn 2+ concentration. The complex formation of Zn with Py (3-picoline and 4-picoline) was studied
by d.c. polarography by Das Gupta et al. /241/. The metal formed two
complexes whose stability constants were calculated. Dhuley /242/
undertook studies of Zn-thiocyanate in aqueous and non-aqueous organic media; six complex species were reported in aqueous DMF media
and the stability constants were calculated by Rossotti's method. The
polarographic behaviour of Zn-formate complexes was studied and a
complex with stability constant 4.0 was reported /163/. The same
metal ion in sodium-citrate - NaOH medium was studied by Mendez et
al. /243/ and the kinetic parameters were reported. Saha et al. /35/ have
reported the stability constants of a Zn-humic acid system. Gupta et al.
169/ studied the electrochemical behaviour and thermodynamic functions of zinc-camphorate system. Shrivastava et al. /58/ reported stability
constants of Zn with pyridine. Formation constants, enthalpy, entropy
and free energy of Zn-ethylxanthate complex were reported by Koracs
et al. /73/.
Zinc complexes of glycollic and lactic acid were studied by an indirect polarographic method using cadmium as the indicator ion by
Sundaresan /244/. The same author /245/ has carried out the study of
Zn in ethylenediamine and has reported the stability constants of the
complexes involved.
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