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This review gives the characteristics of catalytic systems and results on the kinetics and mechanism of electrode chemical
reactions, describes methods of determining the instability constants of complexes from the catalytic currents and the
analytical use of catalytic boundary waves, and makes a comparison with results on corresponding non-electrode reactions
of complex formation.

Among the bulk electrode chemical processes considered are theoretical and experimental results on an electrode reaction
with two successive rate-determining chemical stages, and also on a double catalytic effect: that of the ligand and that of
an addition of a polarographically active complex which is regenerated at the electrode.

The kinetics and mechanism of processes involving an adsorbed ligand-catalyst have been analysed on the basis of a concept
of heterogeneous parallel reactions of complex formation.

There is a bibliography of 168 references.
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I. INTRODUCTION catalytic influence of the ligand in the absence of an inhibi-
tor.

The prewaves of the polarographic wave of the aquo-ions The characteristics of catalytic currents of metal com-
of a metal, linked with the participation of polarographi- plexes in catalysis by a ligand are: (1) the prewaves arise
cally active complexes (PAC) in the electrode process at potentials that are more positive (cathodic)’™** or more
during catalysis by a ligand, were termed'* catalytic negative (anodic)'! than the reduction or oxidation poten-
prewaves (points) of the metal complexes. Here we will tials respectively of the aquo-ions of the metal; (2)a
not consider the catalytic currents of complexes in cataly- catalytically active ligand can be either charged" or elec-
sis by the ions of a metal®, the catalytic release of trically neutral®; (3) in the PAC the metal ions are
hydrogen, and the catalytic effect of the ligand in the reduced or oxidised with regeneration at the electrode of
presence of an inhibitor of the electron transfer stage*, the ligand, which again participates in the formation of
although this effect shows certain resemblances ®’® to the PAC'#; however, when there is an excess of the ligand
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(prewaves arise either when there is an excess of the
ligand or when there is an excess of the metal ions)'*"'*

or when the PAC is of low stability this phenomenon does
not play a significant part; (4) the prewaves are of a
kinetic nature'?’"™*?, and increase with the concentration
of the ligand, in many instances reaching the limit of the
diffusion wave of the aquo-ions of the metal. However,
when ligand adsorbed on the electrode participates in the
formation of PAC, the prewave limiting current, having
reached the region of diffusion current corresponding to
potentials of maximal adsorption of the ligand, can fall
again as the potential is changed, owing to partial desorp-
tion of the ligand (minimum on the polarisation curve)?;

(5) the prewaves can exceed the initial diffusion wave of the
aquo-ions of a metal when the solution contains, in addition
to the ligand, certain components which regenerate PAC at
the electrode. When components which do not form com-
plexes are chosen the nature of the PAC remains
unchanged **"7,

Polarographically catalytic currents of metal complexes
in catalysis by a ligand are of theoretical and practical
importance: in electrocatalysis (especially chemical fac-
tors), electrodeposition (mechanism of the effect of a
catalytically active ligand), the chemistry of coordination
compounds (new methods of investigation of the instability
constants of complexes and of the kinetics of complex forma-
tion, includingthe kinetics of complex formation under
heterogeneous conditions), and analytical chemistry (polaro-
graphic determination of metals in the presence of catalytical~
ly active ligands and in anewer direction—determination of
the ligands themselves with the aid of the prewaves). Allthese
aspects of this problem will be covered in the present review.

II. CATALYTIC SYSTEMS

The choice of metal ions for the production of these
catalytic prewaves is determined mainly by the presence
of a high overpotential in the reduction or oxidation of the
corresponding aquo-ions of the metal'®.

Catalytically active ligands can belong to various
classes of inorganic and organic compounds, usually
readily adsorbed on an electrode.

Usually prewaves have been observed in aqueous solu-
tions, but there have been examples of catalytic currents
in non-aqueous or mixed solvents ‘2%,

A large number of catalytic systems are known (with the
exception of the two examples of an anodic process given
below, all cathodic Processes): Nill-NCg~, 7101224729
Nill-C1~ (Br~, I7), '#29?%% Nill —pyridine and its alkyl,
amino-, and hydroxo-derivatives, /1421293 =2 T 1 2.
and 1,5-diaminonaphthalenes,? Nill-3,4-diaminotoluene,
Nill-3 4-diaminobenzoic acid,? Nill_4 4'-diaminostilbene-
2,2" -disulphonic acid,? NiII—aminoeth!lpiperazine, Nill-
2,2’ -bipyridyl,? Nill -2-aminoethanol,® Nill-o -phenylene-
diamine,?"*”*" Nill-p-phenylenediamine, *!
Nill-ethylenediamine, * Nill-thiourea and its deriva-
tives>*™%  Nill-cysteine ®, Nin—selenocystei.ne Nill-
0 o' -diethyldithiophosphate ®*, Nill-xanthogenate®,
Nill-thiosemicarbazide *’, Nill-rubeanic acid®, Nill—
unithiol®”, Colll(ammonia complex)-C1™(Br~), "% Coll-
ethylenediamine (anodic process),® Coll-cysteine and its
derivatives®"~™, Coll-selenocysteine™, Coll-acetylace-
tone®, Coﬂ—gyridine“’“, InI-halide ions®?’™%
InlI-NCS~, 57"'~8% IpIll-thiourea and its deriva-
tives ®/771"8 [nTT_thioacetic and mercaptoacetic

acids ™", In]ll—r;lerca&toethanol'”, InIM—cysteine®, InIl—

thiosemicarbazide ****, -0 -phenylenediamineﬁ,

co
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12 2’bipyridyl™, InllI-1,10-phenanthroline”, InII-
phthalic acid ™, InlHI-oxalic acid "% ~%7, Inlll-tartaric
acid®, mM-acetylacetone®, Galll-NCS~, **~% Galll-halide
ions *, Galll-Njy, ** GaIH—saligylic and aminosalicylic
acids *, Galll-methylthiourea®, Galll-2-amino-4-hydrox-
ythiazole®, Galll-2-amino-4-methyl-5-thiocyanothia-
zole®, SnIV_cysteine®™, TilV-NCS™,*"?/*¢"1% pjIll_NCS™
(anodic process)i“ TilV-g0; ™, 1% " ® pilV_F- 2
TilV-citric acid*®"*, TilV-polyphenols!'®*®*-1% TilV_
salicylic and sulphosalicylic acids'®"®"%  TiIV-oxalic
acid'™, TilV-pyrocatechol'®, GelV—polyphenols and
their derivatives'%®™'!* GeIV—polyhgdroxyanthr agui-
nones *'**'%  GelV-hydroxyflavones '**,

III. KINETICS AND MECHANISM OF THE PROCESSES

As in the catalytic liberation of hydrogen'!’, the forma-
tion of PAC may take place either in the body of the solu-
tion (bulk currents; we will thus refer to processes with
a reaction layer much thicker than the diffusion part of the
electrical double layer!!5716:28:68:100) 10 with participa-
tion of the adsorbed li%sand—catalyst (heterogeneous or
surface processes)! 2’74375 /@,TI78T,

It must be borne in mind that the effect of certain anions
and surface-active agents can be linked not only with the
surface nature of prewaves, but also with the formation in
the solution of new complexes **7*’*!, Therefore in the
present instance it is more important to study the effect
of the nature and concentration of the background cat-
ion ®*77%  egpecially in using alkali metal cations which
differ in surface activity ''® but at the same time hardly
produce a block-effect and are sufficiently inert to com-
plex formation.

Unlike the catalytic wave of hydrogen with participation
of an adsorbed catalyst''®, the temperature coefficient of
the limiting current in the heterogeneous reaction for the
formation of a PAC is usually sufficiently high (predomi-
nance of chemical kinetics)?*%'*"°%" pyt a lower tempera-
ture coefficient has also been observed''* (predominance
of the adsorption effect).

The regeneration of a ligand at an electrode is often
due to rapid decomposition of the product from the reduc-
tion of PAC in the form of the corresponding zerovalent
complex'®®,  Although extremely unstable zerovalent
complexes are usually formed, the difference in the mag-
nitudes of the calculated halfwave potentials of the aquo-
ions from a single metal in the presence of different
catalytically active ligands'?* allowed the difference in the
rate of deactivation of an amalgam'® | or more precisely,
in the rate of decomposition of the corresponding zero-
valent complexes, to be found. Thus the rates of decom-
position of the zerovalent complexes of nickel were found
to increase in the following sequence of ligands:
pyridine < imidazole < NCS~. 12t

In many instances the shift in the reduction or oxidation
potentials of the PAC is due to the very stable primary
hydration of the corresponding aquo-ions of the metals
and the weakening (labilisation) under the influence of the
ligand of the bonding of the metal ion with the water mole-
cules which remain in the first hydration shell *3/®122:123
This conclusion is confirmed by studies '*’2° in which the
labilisation of water molecules in a complex was observed
with the aid of non-electrochemical methods. For some
aguo-ions of metals (for example, Ni**) which form pre-
waves, hydration is so strong that in solutions with a high
concentration of supporting electrolyte, owing to the
marked reduction in the concentration of the aquo-ions of
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the metal in the near-electrode layer (the y,-effect 126,127)
a kinetic current was observed: kinetic limitation of the
dehydration step'?®.

When a PAC is formed in the adsorbed layer, then an
electric field evidently exerts a considerable effect on the
acceleration of the dehydration'?*"%*. It cannot be ruled
out that in certain instances the acceleration of the elec-
tron transfer stage is linked with the fact that the
adsorbed ligand enteriné into the PAC plays the part of an
“electron bridge” *** "% Attention must be paid to the
special state of the adsorbed ligand entering the PAC; it
is not impossible that coordination with mercury and with
the reactin§ ion of the metal is effected simultane-
ously #1313 gome investigators'® **® pay more
attention to the “electron bridge” than to complex forma-
tion, although we do not think it very expedient to regard
these phenomena as mutualiy exclusive.

Observations which indirectly characterise the chemical
nature of the slow step of the electrode process are of
great interest: (1) the steric effect of the ligand (InII—
thiourea and its derivatives®; Nill-pyridine and its
derivatives **%), A similar effect was noted in certain
complex formation reactions by use of non-electrochemi-
cal methods'®; (2) the relation of the catalytic effect to
the structure of isomeric ligands (Nill-isomers of phenyl-
enediamine ***’®'); (3) the inhibition of the catalytic pro-
cess in the Nill-pyridine (or its derivatives) systems when
the solution is acidified>3*%%*  which is also character-
istic for the corresponding non-electrode reactions in
complex formation (protonation of the ligand); (4) the
inhibition of the catalytic process in the Nill-thiourea®®
and GelV-polyphenol'*' systems on the addition of oxalic,
citric, or tartaric acids, in the Nill—thiourea®*% Nill-
pyridine* %, Coll-ethylenediamine *® systems on addition
of SO;” ions, in the Nill—thiourea®® system on addition of
NH; and Trilon B and the acceleration of the catalytic pro-
cess under the influence of AcO~ ions (Nill-pyridine?’">%,
Nill-thiourea®’®  and Nill-o- and p-phenylenediamine®
and N3 ions (Nill-o- and p-phenylenediamine®). Similar
effects were also observed in a study of the kinetics of
ordinary (non-electrode) complex formation reac-
tions'3™'%; (5) the faster catalytic process in the Coll-
pyridine system™ in comparison with the Nill-pyridine
system *®| which correlates with the kinetics of non-elec-
trode compalsex formation reactions of particular metal
aquo-ions ",

The bulk catalytic current simplest in mechanism was
evidently observed in the TilV-NCS~ system!!’*"'%®, By
use of Koutecky's equation '**"*:

7 RN
— % 0886 (B o 1)
ig—ip K,

(where 7 and 7§ are the limiting currents, catalytic and
diffusion respectively; #, and K] are the formation rate
constant and instability constant of the PAC respectively);
it was shown!’*" that the electrode process can be
described by the following scheme:

Tit e T S [T (NCS) g - @)

For simplicity, in scheme (2) and below we do not show
the stage of regeneration of the ligand at the electrode and
the diffusion noted relates to the transfer of the substance
from the depth of the solution to the surface of the elec-
trode (the PAC concentration in the body of the solution is
insignificant'*).
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The rate constants for the formation of PAC (scheme 2)
calculated by Eqn. (1), are given in Table 1. In addition,
Tribalat and Delafosse'® found the rate constant for the
formation of another PAC, [TiII(NCS~)], from the anodic
catalytic prewave, k£ = 10° litre mole™ s™ (0.55 M HCI;

21°C).
Table 1. Rate constants for the formation of the complex
[TiIV (NCS7)] in HC10, solution at 25°C.
3 3
‘ncio, M| 107k Rencio, M) 107R
4 titre mole™! 7] 4 litre mole™! 571

0.024 13.0 0.51 6.5
0.044 7.9 0.55% 62+
0.10 7.3 1.05 4.8
0.51 6.5 2.0 5.2
*HCI(21%

The catalytic prewaves of TilV in the presence of pyro-
catechol (H2Ph), pyrogallol (H;Pg), citric acid (H.Cit), and
sulphosalicylic acid (H.Ssal™) in acid solutions (HC10,)
also had a bulk nature'®”'®, The PAC in these systems,
with the exception of HzSsal™ are formed with the partici-
pation in the reactions of electrically neutral ligands, with
the release (including HzSsal”) of hydrogen ions'®"®, Like
the catalytic systems with GelV,'** TilV jons form both
PAC and g)olarographically inactive complexes with these
ligands'®"'®,  As the concentration was increased, the
accumulation of the inactive complexes inhibited the elec-
trode process'®'®, If it is assumed that the stability of
the PAC of TilV correlates with the stability of the corre-
sponding polarographically inactive chelates, the rate of
formation of the PAC correlates with their stability:

HzPh < H3Pg < HpSsal™ < H,Cit,!®

Since the first investigation'* the effect of C10; (BrOs)
ions on the polarographic wave of TilV complexes has
been investigated repeatedly, but as found earlier'®,
under conditions when there is a large excess of the ligand,
whereas in the absence of C10; ions the prewave was
reached along the height of the diffusion wave of the TilV,
The effect of C10s ions was first studied at a low concen-
tration of the ligand (NCS~, HzPh, HsPg, H.Cit, H.Ssal"),
that is, under conditions where there is a double catalytic
effect on the process: by the ligand and C10; ions. An
increase in the catalytic prewave of TilV complexes with
increase in CC105 (maximally by 5-7 times in comparison
with the initial prewave) has been observed'®*™?, A simi-
lar comparatively small increase in the limiting current
was explained (in greatest detail for the NCS~ ions'”) on the
basis of the following scheme for the electrode process:

v NCs-

Ti - mi" (NesHy) = [Tillt (Nes)] a5~ Ti™ 4 Nes-
clo;
] fav fam | ‘ 3)

ClO;: W)

by assuming that there are parallel reactions for the oxi-
dation of [TillI(NCS~)]: to PAC (stage ITI) and to the initial
TilV (stage IV). The latter, like stage V, makes little
contribution to the increase in current, since it is
followed by the slow stage (I).

Another example of bulk catalytic prewaves was
observed in the Ni**-NCS~ system (first prewave)'222,
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This prewave corresponds to an electrode process with
two successive rate-determining chemical stages'?

Nits o NS+ i INUNCS)y -~
§ |8 . @

Nt T (NI (NCS)*

The kinetic equation for a similar electrode process was
first obtained in studies'?"*® by the present author and by
Tanaka and coworkers but verified experimentally only in
other investigations'?”®; this became especially conveni-
ent after appropriate transformations and the development
of a graphical solution of the equations obtained'*:
(eNCS™ > cNf?*):

= = e\t 2
y= ﬁ‘_;'*.. . Ches- +1.13 (.fl_) Lo, fNesm
[ kit i K 4 ones-
where K| is the instability constant of the complex
[Ni(NCS~)]* and A and B are constants:

= A+ B - ones- (5)

(6)

. s
. [ K

. Yy . s
- K K,
B“l‘m[(kml) +<k,.¢,) ]

K7 is the consecutive instability constant of the complex
[Ni(NCS): ].

When in scheme (4) the diffusion of the second species
(the complex) from the depth of the solution can be neglected
Eqn. (5) is greatly simplified even when there are still two
successive rate-determining stages'*™%,

The rate constants », and %, (Table 2) were found® by
graphical solution on the basis of Eqn. (5) (in the first
paper ‘2 an inaccuracy was introduced in finding %, and k2,
since no allowance was made for the distortion of the
limiting diffusion current of Ni** at high concentrations of
the supporting electrolyte'?®). The most important con-
clusion from the results in Table 2 is the similarity
between the rate constants obtained from catalytic currents
and those found'*® by a non-electrolytic (flow) method (¢, =
5.6 X 10° litre mole™ s™; 25°C; ionic strength 0.5). In
addition, it is noteworthy that on the basis of the variations
in E1 and cNcs™,””" and also by a potentiostatic method'*°,
the reduction of the complex [Ni(NCS):] in the Ni**~NCS~
system has been demonstrated, which agrees with the
results discussed above.

)

Table 2. Rate constants for the formation of the complexes
'3 53 o
[Ni(NCS)T" (k1) and [Ni(NCS).] (k2) at 25°C.
Ionic strength 103k1, 10'4k ) Ionic strength lOakl, 10'4k2,
KNO, + KNCS [jitre {nole'l litre m3iel | KNOs + KNCS litre mole™! | litre mole~1
(S sl s 5
0.05 6.5+1.5 | 4.2+0.4 0.15 3.0+4.0 2.1+0.3
0,075 4.5+0.5 3.1+0.1 0.20 3.0+1.0 1.9+0.3
0.1 5.0+1.0] 2.1+01

Since cyi?* > CNi(NCS)*, as CNCS” is reduced, stage (I)
in schemel‘z‘l) approaches equilibrium7:2°:

NCS— NCS—
Ni®+ —= [Ni (NCS))* Tk [Ni (NCS),]
T 1’:_ redn.
B -

®

N¢
Niz+ —— [Ni (NCS)}+
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The kinetic equation for such a process was first con-
sidered in studies'*°**® of dicarboxylic acids, and then in
an investigation of metal complexes'*:

Je W toes) g ggp. (."'_',‘-L>V' Concs- 9)
(G —1a) - encs+ K,

It has been shown theoretically®® that conversion of scheme
(4) into scheme (8) is possible at cNos™ < 0.1 M (cnNCS™ >
CcNi H this conclusion has been confirmed experimen-
tally®® at cNcs™ < 1.5 X 1072 M. Although there is no
single opinion about the bulk nature of the catalytic pre-
waves in the Coll-cysteine (or its derivatives) systems ®7~"
it is worth noting the relation ®:

=k cly (10)

characteristic for a bulk process "°**® under the conditions

¢I, = const, ccoll » c, (L is the ethyl ester of cysteine)
and the high stability of the PAC:%®

Col® G, Colt - [Col! (L)) 7= + (11)
Since cColl > cColI(L), the effect of the diffusion of the
PAC from the depth of the solution can be neglected. %, =
(3.7-4.3) x 10° litre mole™ g™, &

The following bulk reactions correspond to the anodic
catalytic process in the Co®* —ethylenediamine(En) (NaClOy)
system °¢:

En En
Cot* 22 [Co (Bn))** 22 [Co (En)Je 35 [Co (Enyle+

Iré ‘a:‘
3 3

—
oxn.

t,
3 (12)
En En
Co™ 2 {Co (En)]*+ 2 [Co (En)yJ2+

and are describable by the kinetic equation %6753115¢;

% Y

iy~ 1y

. I
—o.886. (R} ,
Ky Kl'K2+K2'CEn+"2En

where Ky, K7, and K{ are the consecutive instability con-
stants of [Co(En)?*, [Co(En)]*, and [Co(En);]* respec-
tively. k5= 1.85x 107 litre mole™ g, %

A more complex electrode process is associated with
the chemical reactions for the formation of PAC in an
adsorbed layer (heterogeneous reactions).

The idea of parallel heterogeneous reactions has been
formulated 35,58,7¢,80;

(13)

Lads.

M T T [M(Lads)] redn.
Lit
M (D] g O] 2 (M) Ly, ) g™ (14
T )
Lads. —
M]3 M0 (L))~

etc. etc.

These obviously most completely characterise such cata-
lytic processes. In scheme (14) (the charges of the
species are omitted) M denotes the agquo-ions of the metal,
L the ligand, [M(L)], [M(L)], etc. are complexes in the
bulk of the solution, and [M(Lads)], [M(L)(Lads)],
[M(L)z(Lads)], etc. are PAC.

Since surface catalytic prewaves arise most frequently
in solutions which contain complexes with a low stability
& not below 10"°~107*), in scheme (14) the diffusion of
only two species from the depth of the solution to the elec-
trode is taken into account: M and M(L). Despite
the low stability of the complex [M(L)] and higher
complexes, their participation in the electrode reactions
for the formation of PAC cannot be neglected in general,
since the bulk rate of formation-dissociation of [M(L)],
[M(L)], etc. can be rather high. In systems which form
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complexes which are more stable in the bulk solution a
larger number of heterogeneous parallel reactions must be
considered®® and in systems with bulk complexes of lower
stability a smaller number of reactions ****'™ or even only
a single first (I) reaction®*™.

Owing to the presence in the PAC (scheme 14) of a
ligand adsorbed on the mercury or coordinated with the
mercury, similar PAC should (as shown above) differ
considerably in etectrochemical properties from com-
plexes of formally analogous composition adsorbed from
bulk solution®. The latter are not reduced at prewave
potentials .

Irrespective of the reduction of the various PAC in
scheme (14) at similar potentials (single prewave) "™ or
at distinguishable potentials (several prewaves)*”*® we
will examine below only the equation for the overall
limiting catalytic current.

Assuming in scheme (14) that the bulk reactions of
formation and dissociation of complexes are near a state
of equilibrium?®’*:%’%; that the diffusion coefficients of
all the species are similar; and allowing for the effect of
the electrical double layer structure on the rate of hetero-
geneous 171267159156 olactron transfer steps which are
sufficiently rapid in the region of the limiting catalytic
current, the following kinetic equation was found *’%° for
scheme (14) (the coefficient 0.81 has been replaced**° by
0.886):

T (Ky 41 Yo, _ s .
b RycL - exp. (— Z'R'TF ‘Px) +%ci~exr)(—2—; lpl)+ }
2

where K\ and K are the successive instability constants of
the bulk complexes, M(L) and M(L). respectively; £, kz,
k3, etc. are the rate constants of the parallel heterogene-
ous reactions (litre mole™ s™); I'y, the surface concen-
tration (mole cm™2) of the adsorbed ligand (the existence
of an adsorption equilibrium to a first approximation is
assumed); for a dropping electrode this assumption is
valid only up to a definite lower level c1,, for example,
for o-phenylenediamine up to ¢, = 1 X 10748 2z 2z, z;,
etc. are the charges of M, [M(L)], [M(L)], etc., ¢, a
potential close to that of the Helmholtz outer layer, the
value of which has been given'®” for a supporting electro-
lyte that is not adsorbed; the effect on ) the potential
of the reacting species of their low concentration can often
be neglected (the effect of adsorbed thiourea on the ¥,
potential has been taken into account®®); cI, the equilib-
rium ligand concentration (M) at the boundary between the
diffusion layer and the diffusion part of the electrical
double layer (cy, is close to the total concentration of the
ligand; this is also true for a small excess of ligand L,
owing to the regeneration of the ligand at the electrode'*?).
Since catalytic currents are usually investigated in the
range of very low c1,, I'1, can be expressed with the aid of
the Henry adsorption isotherm '*®:

Fu107K0 -t exp (— el ) (16)
where K1, is the adsorption coefficient (cm) and p the
charge of the ligand.

From (15) and (16):
R ta) AN e _@+pF ’
y= m;O.SBS (D) Ksz{kl K, exp.[ R ‘Pl] '

4By oo exp [_Lzl_:;’l”.wl]Jr%_. - exp[_&:Tl’”wl]+ } 1"
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At ) = const, Eqn. (17) becomes
y=atb-ctdef + ... (18)

where a, b, and d are constants, which are conveniently
determined by a graphical method®.

By use of Eqn. (18) we showed ® the presence of three
parallel heterogeneous reactions in the InlI-NCS~ system—
scheme (14), I, II, and III. An analysis of the variation
of the surface activity of NCS345_ ions (see below) with the
potential in concentrated NaNCS solution showed® that in
this system the heterogeneous catalytic reaction

i %20 o (NesT )
Tt (lntt (NCS gl —m— (19)

takes place; it should correspond to a kinetic equation of
type (18) at @ = 0 and d = 0, that is, schemes (19) and (14)
(without stages I and II) are kinetically indistinguishable.
However, as we have shown®, coefficients a, b, and d in
Eqn. (18) are significantly different from zero, which
suggests that in this system under our conditions ® (a very
low concentration of NCS™) all three parallel heterogeneous
reactions take place,

For the Ni**-Py, * Co**-Py,™ Ni**-thiourea®®, and
InlII-I~ 8 gsystems, in which less stable complexes are
formed, Eqn. (18) has been found to be applicable—for the
Ni**~thiourea system, Eqn. (15) at d = 0 (ks = 0), that is,
in these systems only the two parallel heterogeneous reac-
tions (I) and (II) have a significant effect. It is interesting
to note that an analysis of the change in the surface activity
of the ions Izgg With the potential has also shown'® a
smaller stoichiometric number for the I;4g ions reacting
with InIIl than for NCS;4¢_ %

The even less stable complex [M(L)] in the Ni¥*—o0-
phenylenediamine system *®’*" takes almost no part in the
heterogeneous process and the applicability of an equation
of type (*®) at & = 0 and d = 0 has been demonstrated ****".

In a study ®® of the InllI~-NCS™ system at a high concen-
tration of NCS™ ions (0.1-6.0 M) the surface activity of
the NCS34g ions (agdg) was introduced into the kinetic
equation instead of I;Q‘TCS-‘ It was found from the thermo-
dynamic relation "%

. Iincs-
lim s
2 soln. INCs=—0 @ goln,

ﬁﬁ Aads. —

(20)

where agoln is the activity of NCS™ ions in the body of the
solution. Hence the quantity Sagoln replaces aads in the
kinetic equation:

U:k'(ﬁ 'asoln.)x

where v is the rate of the process in the region of the
limiting current at constant activity coefficient of the
transition state, apy = const and ¥, =~ const (concentrated
solution); and x the order of the reaction from the adsor-
bate. Hence, by use of the variation of B with the poten-
tial the applicability of scheme (19) (x = 2) was demon-
strated®. Unfortunately, the accuracy of the dependence
of B on the potential, found for concentrated solutions of
adsorbate on the basis of model representations is evi-
dently inadequate for the development of this interesting
concept. In addition, the postulate of the constancy of the
activity coefficient of the transition state—Ec{n. (21)—as
the potential is varied can hardly be jystified %%, We think
that investigations in the range of very low catalyst con-
centrations, where the Henry adsorption equation applies,
is preferable in this respect. It should also be noted that
for an electrically neutral ligand (Ni**~thiourea)®’*® even

(21)
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in the range of medium packing.it was not necessary to
replace r}, by aads in the kinetic equation.

We *°® were evidently the first to find—Eqns. (15) and
(17)—the rate constants of the heterogeneous electrode
reactions for the formation of the PAC (Table 3). The
similarity of k, for the various ligands (Table 3), is most
probably linked, as for bulk reactions'®, with a common
rate-determining stage: the removal of HoO molecules
from the Ni** aquo-ion. This agrees with the kinetics of
bulk reactions'?® and the ratio &, > %, (Table 3).

The total charge of the reacting species, found on the
basis of an analysis of the effect of the Y, potential on the
kinetics of the process in the Ni** -0 -phenylenediamine
system ***""** and consequently the charge of the PAC,
was equal to 2 + p = +1, which is explained **"*"’*® by the
coadsorption of the anion of the supporting electrolyte
(C10: or NOj3) together with the electrically neutral ligand.
For the Ni**~Py system *”*° at a moderate supporting
electrolyte concentration (< 0.05 M NaNOs), use of Eqn.
(17) showed that 2 + » = +2 and 2, + p = +2. Although
coadsorption of the anion of the supporting electrolyte was
also observed'® for Py, the results ®*’*° refer to more
positive potentials and a lower concentration of supporting
electrolyte. For the Co**~Py system ™, owing to its
more negative potential, PAC charges (z + p and 2, + D)
also equal to +2 were found on the basis of Eqn. (17) over
a wide range of concentrations of the supporting electro-
lyte. Charges z +p = +2 and 21 + p = +2 were similarly
found for the PAC in the Ni**—thiourea system **'®, It is
interesting to note that in the same system with KI sup-
porting electrolyte ***® with considerable adsorption of I™
ions charges z +p = +2 and 2, + p = +2 were obtained on
using Grahame's values'® of the ¥, potential on the outer
layer, which again shows the position of the chemical
reaction layer close to the outer surface of the compact
part of the electrical double layer.

Table 3. Rate constants for heterogeneous reactions for
the formation of polarographically active complexes at
25°C. NaNOs (¥, = 0).

Resct 0%, |10k,
eaction litre vimle'l itre mole”]
s -1

s

Reference

Ni*+t Py 4 4.0 35
[Ni(Py) P+ +

PYads 1.8 3
Niz+ 4 Tmly 3.8 %
* Thiourea.

Hence the finding by use of Eqns. (15) and (17) for an
electrically neutral ligand and doubly charged cation of the
expected charges of +2 for the PAC indicates the correct-
ness of the calculation for these reactions of the effect of
the electrical double layer under conditions where there
are stages with rapid transport of electrons in the range
of limiting current.

The complete equation for the catalytic prewave (hetero-
geneous chemical reaction) with allowance for limitation
at the electrochemical stage also is interesting, since
this equation, together with an equation of type (17), also
allows the charge of the PAC to be found. Such an equa-
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tion for the simplest process of scheme (14):

L?
- M ads.

2 +p
M. ® o M)l

- (22)

redn.

has been obtained®. This equation can after simple
rearrangements be presented as follows (region of the
Henry adsorption isotherm):

7.0" . (z+p-F ]=
G—0) - Ky gl [ rr *
_ E — ) an F
Ricy - kgl - exp. [— L——:T-L] (23)
= 0.886
(E—p)an,Fq
Ky - exp. [— __ET—] 4k,

where i is the catalytic current at potential E and %, is a
raAte )constant for the reverse reaction (dissociation of
PAC).

By choosing the value of z + p in this way, so that the
left part of Eqn. (23) reaches a constant value when the
negative quantity E is increased, the charge of the PAC is
found *°.

For the approximate estimation of the effect of ligand
concentration, Eqn. (23) can be simplified by assuming that
in the range of potentials of the rise of the prewave from
the half-wave potential (E% ) to the potential for the start

of the limiting current the qlua_ntities Y and K1, vary
d

slightly. It has been found'® that under these conditions
[Eqn. (31) in Ref. 162]
~ RT "
Ey,~2.3 oy 120886 (_D_) o) -+ .
RT o, - K RT 7 an, — (z -+ p)
+23 —lg—= 123 < o L
an,F g 1?; + an,F le Ty + \pl[ an, ] ’

where K/ is the equilibrium constant for the dissociation of
the PAC and ik’ the limiting current at a potential close to
the beginning of the limiting current region.

A complete equation for the surface catalytic prewave,
but at the rapid chemical stage of formation of PAC (with
allowance for the parallel reaction for the discharge of
MZ jons) has also been given ®™%*:

i=k- (—[d}:? )[{l — Bcat.) + Bcat. - exp (_' %&)] X

x {exp [__ (E -—1;;;anf ]} - exp (__;_’; \pl) ,

where 6¢at is the degree of occupation of the surface of the
electrode by the adsorbed catalyst. It may be that in some
systems a chemical stage, which greatly reduces the
activation energy for the electron transfer (the factor
AUcat), even in the limiting current region, can take place
much more rapidly than the electron transfer stage.

An equation has been obtained ™% for the bulk catalytic
prewave on the basis of the concept of hypothetical diffusion
current. Under the conditions of reduction of only the
metal ions in the PAC this equation has the form:

=N 3 {1 en [ —E0 S ]),

where i’_kd is the diffusion current of PAC in the absence of
a catalytic effect, N the number of metal ions which react
in the catalytic cycle with one or more (when there are
several ligands in the PAC) species of catalyst ligand.
Although Eqn. (27) corresponds to the experimental
results "**® we think it desirable'® to use a similar equa-
tion [Eqn. (70) in Ref. 117] but with the physically real
quantity 11im (k) instead of the hypothetical diffusion cur-
rent (N.7kd).

(26)

27
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This chapter will be concluded by noting that for the
commonly encountered catalytic systems in which electro-
chemical limitation is almost absent in the region of the
limiting current, use of equations of the limiting current
type (15) and (17) is preferable. When this is done and an
increase in potential results in the superimposition of a
parallel process of the discharge of the aquo~ions of the
metal, there is the possibility of calculating a corrected
value of the limiting catalytic current. For example, for
the process

—

Lads, _ [M (Lygs)l redn

M= (28)

—— s
redn.

diff.

it was found **’*® that:

= fq - (Efym ~— Yo
(‘k)cou e —
iy —To

(29)

where ﬁim is the observable limiting current and i, the
current at the same potential but in the absence of a cata-
lyst.

IV. DETERMINATION OF THE INSTABILITY CONSTANTS
OF COMPLEXES

Solution of this problem is facilitated by complexes of
low stability usually being formed in the catalytic system
itself.

These methods can be divided into two groups: effect of
catalytically inactive ions of the metal (method A) and
effect of a catalytically inactive ligand (method B).

1. Effect of Metal Tons (Method A)

This method, first proposed by Tribalat®, is based on
the fall in the catalytic current when the catalytically
inactive ions of another metal (M') which bonds the cata-
lyst ligand in a complex [M'(L)] are introduced into the
solution. The proportion of the catalyst ligand entering
into the complex is easily found from the drop in current
and hence the instability constant (Xy') of this complex can
be calculated:

ey ey — (] — el

K= (30)

& —cp
where c'i is the total concentration of the ligand (deter-
mined from the curve of the catalytic current in the pres-
ence of M’ against the total concentration c}yr), and cfy,
the equilibrium concentration of the ligand (determined
from the curve of the catalytic current in the absence of
the ions M'). This method was used to determine the
instability constants, mainly, of single ligand complexes
(K{); an excess of M' ions was used. The results are
given in Table 4. The values found for K are close to
those obtained by other methods.

2. Effect of the Ligand (Method B)

This direction was first taken by Yatsimirskii and
Budarin!®, but they used catalytic systems, which are not
discussed in the present review.
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Subsequently **”* the effect of catalytically inactive
ligands on the prewaves of metal ions was investigated and
the effects of ligand addition which increase (AcO~) or
decrease (SO%™) the currents were used to find the instabil-
ity constants of the complexes with these ligands **~%,

Theoretically the solution of this problem was based on
the calculation of the parallel process of “religandisa-
tion” *¢*171%_ In the simplest example, the entire process
can be represented by a scheme proposed simultaneously
and independently by Tur'yan and Ruvinskii*® and by Caja
and Mark®:

_— Lads.
«diff.

M S 0M ad
ky
x it wx 3 (M (Ligge)]
La_ds / )‘E
k

where X is the polarographically inactive ligand._ When
k > k) the process is accelerated (AcO’); when k < &, it is
inhibited (SO%").

The equilibrium in stage I (scheme 31) has been charac-
terised **7* by use of the same type of kinetic equation as
for scheme (14) but with allowance for the parallel reaction
of religandisation under conditions different from those of
Ref. 166:

(31)

—_——
redn.

M (X))

S M)

Zy,—Z

[

Z=17+ K1 ’

1 : (32)
where Ky is the instability constant of the complex [M(X)],
Z = ik/i_d - ik, Z1, = const at ¢Z = const and a constant
ionic strength of the solution, Z, = Z at cx? = 0, and cx®
is the total concentration of ligand X introduced in an
excess in relation to the ions M.

A graphical method was used **~* for finding Ky with
the aid of Eqn. (32). The results (Table 4) are close to
those obtained by other methods.

V. ANALYTICAL APPLICATION

Catalytically active ligands introduced into a solution in
very great excess greatly improve the form of the polaro-~
graphic wave of a metal and significantly alter the half-
wave potential. These advantages are widely used in the
polarographic analysis of metals (Ni**, Co?*, Inlll, etc.)
and have been described in detail in various monographs'®,

A more recent approach considered below is the analyti-
cal determination of ligands with the aid of the catalytic
prewaves of the metals.

At a low ligand concentration the prewaves were first
used? for the highly sensitive determination of the ligand
(determination of pyridine from the catalytic prewave of
Ni**). The analysis was made with a preliminary calibra-
tiongraph*¢. Then this method was used for the determina-
tion of o-phenylenediamine in the presence of a tenfold
excess of the m - and p-isomers (catalytic prewave of Ni**).
With the aim of improving the sensitivity (to 107" M) it was
proposed * to use 0.1 M Lil as supporting electrolyte @,
effect ****"). In a further investigation* the catalytic pre-
wave of Ni** in the presence of o-phenylenediamine was
used for the amperometric titration of o-phenylenediamine
with the aid of Aulll ions. The sensitivity of the deter-
mination was 1 X 107¢ M.

The catalytic prewaves of TilV in the presence of vari-
ous ligands have been used'*”® for the determination of
these ligands: citric acid'®, sulphosalicylic acid'®, pyro-
catechol*® and pyrogallol'®., The additional catalytic
effect in the presence of ClO; ions has been used " to
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Table 4. Instability constants (X)) of complexes, found on
the basis of catalytic currents in catalysis by a ligand,
25°C.
5 £
Catalytic Supporting g% Complex Meth K s
systems electrolyte B investigated 1 &
S& K}
TilV_NCS— HCIO, 0. (7!08—5 [Co(NCS)]* | A (8.84£0.3).40~2 | o
ditto ditto 0.50 | [Fe(NCS)]* | ditto 1.5.1072 %
» » 0.6 | [Cr(NCS)*+ » (5—10)-10~4 | 96
» Ve 0.7 | [Ni(NCS)]* » 6.1-102 | o
» » 1.0 ditto » 6.7-102 97
» » 1.5 » » 7,.6.102 97
» » 2.5 » » 7.7-1072 o7
» » 5.0 » » 5.4.1072 97
» » 0.62—, » » (4.6+0.2).1072* | oo
—0.68
» » 0.62— > » (5.70.2)-10~2 | 99
—0. 68|
» » 0.62— > » (6.7£0.4)-10-2x%| 99
—0.68
» HCIO.+ NaCIO, | 3.0 HNCS » 520, 35%% %
Niz*— NCS~ KNO, 1.0 {Co (NCS)]+ » 9.0£0.4)-1072 | 26
Ni?+— Py NaClO, 1.0 | [Co(Py)I* » (4.4+0.4)-10-2 | 33
Ni?+— thiourea NaNOs 2.0 | [Zn(Tm))z+ » | 0.2940.01 56
In'— thiourea NaClO+HCIO, | 2.0 | [Zn(Tm)]?+ > | 0.28+0.01 56
Ni%+— NaNOg 2.0 [Zn (Tc)?+ » (5.1£0.1)-10~2 56
thiosemicarbazide (Tc
ditto: ditto 1.0 | [Co(Tc)p2+ » (3.9+£0.1)-10"2 | 56
Ni:;-—) thiourea NaClO4+Na,S0, | 2.0 | {NiSO,} B (7.2+£0.1)-102 | 36—38
m
Ni%+— Py ditto 2.0 ditto ditto | (9.6+0.1)-10"2 |35 33
ditto NaClO;+ NaAcO | 2.0 [Ni AcO)]+ » 0.44+0.01 38
Ni2*— thiourea ditto 2.0 ditto » 0.36+0.03 8
(Tm)
Inm~cls SI'M— [ NaCO HCIO, [ 1.1 InSO% » (1.0-1.1)10"2 | 167
* 15°C.
** 35°C.
*** Digsociation constants.
increase sensitivity. The sensitivity of the determination 6. M. A.Loshkarev, Yu. M. Loshkarev, A.A.Kazarov,

of citric and sulphosalicylic acids is ~ 1 X 10™° M, that
for pyrocatechol and pyrogallol is~ 1 X 10™* M. The
method for the determination of citric acid is considerably
faster and simpler than the analytical techniques proposed
earlier.

The catalytic prewave of InIIl has been used " for the
determination of I~ ions (sensitivity 1 X 10° M) and also
for_ 4the)determinaj:ion 8 of oxalic acid (sensitivity ~ 1 X
10 * M).

Hence the use of the catalytic prewaves of metal com-
plexes has allowed ligands which are polarographically
inactive under ordinary conditions to be determined in
several instances.
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