METHODS OF CHEMICAL ANALYSIS

CATALYTIC EFFECTS IN THE POLAROGRAPHY OF INORGANIC COMPOUNDS

S. 1, Sinyakova* and Yu. S. Milyavskii UDC 543.253

In recent years many papers have appeared on the theoretical aspects of catalytic currents (i.). In classical
and alternating-current polarography these currents are recorded on dropping mercury, flow-type, quiescent, solid,
and film electrodes by chronoamperometric, chronopotentiometric, and chronocoulometric techniques [1-14]. A
series of equations relating to the rate constant of the chemical stage and the electrode parameters of the process
have been obtained. However, the catalytic currents, which were first described 40 years ago, have not yet found
sufficiently widespread use in analytical chemistry, The reason for this is inadequate study of the mechanism of the
chemical reaction which is coupled with the electrode process.

The oxidative —regenerative scheme, as a variant of the theory of compensating reactions introduced into
polarography from homogeneous catalysis, has received most attention. According to this scheme, the redox char-
acteristics of the reagents in their thermodynamical interpretation are considered during the investigation of the
chemical stage. However, as shown in [15-19], this approach is insufficiently precise in the light of the modern the-
ories of coordination chemistry.

The standard electrode potentials only indicate the probability and direction of the process, and its kinetics
ire completely controlled by the atomic and electronic configurations of the reagents [20-21). Therefore, the mag-
itude of i, which is determined unambiguously by the rate of the chemical stage, depends not on the thermody -
1amic but on the kinetic parameters. Thus, irrespective of the difference between the standard electrode potentials
f the catalystand the substrate, the electrode process is influenced only by reactions with rate constants exceeding
10'-10% liter /mole - sec [22].

In solution the metal ions are present as coordination compounds with a central atom (the metal ion) anda lig-
and (the components of the solution). Consequently, the reactions in which they participate obey the laws of coor-
dination chemistry, Almost any case of electron transfer (apart from tunnelling) is preceded by substitution of one
of the ligands in the coordination sphere of the reagent by a bridging group or directly by the substrate [20].

Systems in which catalysis of the polarographic reduction of depolarizers is observed can be divided into two
classes, depending on the ratio of the redox and donor—acceptor characteristics in the reagents. The substitution of
one ligand from the coordination sphere of the catalyst increases the liability of the remainder except in cases where
it leads to a change in the order in which the t;g and Ig orbitals are filled. Such substitution should always be ac-
companied by an increase in the rate of reactions where the central atom takes part in the kinetic stages. If the en-
tering ligand is redox-active the rate of its transformation in the coordination sphere increases, for it is controlled
by the rate at which the electronic and atomic configuration of the metal fon rearranges [23-24]. If the substituting
ligand does not exhibit redox characteristics in the region of the electrochemical activity of the central atom, the

effect of its introduction into the coordination sphere is completely reflected in the change in the behavior of the
central atom,

Thus, if the substrate or redox-active ligand takes part in the chemical stage of the formation process, the re-
action goes to some degree of completion. The depolarizer responsible for the exaltation of the current is either the
final product or, which more frequently arises, one of the intermediate compounds in the reaction possessing the
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highest (among the other compounds) affinity towards the electrode, Catalytic currents with this type of mechanism
are most widely represented among the investigated systems.

The catalytic currents recorded in systems where the substrate is a redox-active ligand differ according to the
ratio of the donor—acceptor characteristics of the reagents [19]. If the d shells of the catalyst are not filled, the
electrons from the electrode are taken into the atomic orbitals of the metal, Consequently, in form and position on
the potential axis,i, will be identical with iy, since the rate of the chemical stage depends linearly on the concen-
tration of the catalyst, and the variation in the latter repeats the form of the diffusion wave. If the catalystis in a
higher oxidation state [Mo (VD, W (VI), Nb (V), Ti (IV), etc.], the electrons are taken into the molecular orbitals of
the charge-transfer complex. In this case the reduction wave of the intermediate compound will lie on the positive
side of the diffusion current for the catalyst, and only the substrate is reduced in the electrode catalytic event with
regeneration of the catalyst. Such bebavior of the catalytic current in the presence of transition-metal ions clearly
correlates with the coordination characteristics of the reagents, In the first case the substrates exhibit their v-ac-
ceptor characteristics, and in the second case they exhibit their 7-donor characteristics [19].

The second class of i, values represents the case where the entering ligand, while not reacting with the cen-
tral atom in the normal chemical sense, facilitates the electrode process and labilizes the coordination sphere, This
secures a'more rapid rearrangement of the electronic structure of the depolarizer from the *orbital of the transition
state” [24] to the electronic and atomic configurations of the final product. Here there is a shift in the half-wave
potential for the reduction of the depolarizer from the region corresponding to the less liable form towards positive
potentials approaching the reversible potential. Such, for example, are the catalytic currents described in [25-26].

Thus, the polarographic catalytic systems should obey the laws of nucleophilic substitutions Sy [27] either
directly or indirectly through the macroscopic equation for the process. The analysis of the published and experi-
mental data [15-19] confirms the coordination scheme for the development of i, proposed in [16]. According to
this scheme, the retarded stage of the process is the substitution of coordinated water or a ligand of equal strength
at the catalyst by the substrate,

By means of an investigation into the model system Fe (II) — H,0, it was possible to reach the following con-
clusions about the features of the mechanism for the development of ig:

1) The catalytic current is due to the coordination characteristics of the ¢lement;

2) A catalytic current only arises in those cases where the catalyst is in a state which is labile towards substi-
tution;

' 3) The process of the development of i, passes through a stage involving the formation of an intermediate com-
pound by the substitution of coordinated water at the catalyst by the substrate; this stage is the kinetic stage;

4) Chelation greatly enhances the catalytic characteristics of the metals in high-spin compounds, increasing
the mobility of the water or other monodentate ligands in the coordination sphere and axial ligands in particular;

5) The presence of strong-field ligands in the solution completely or partially inhibits i..

With the coordination scheme for the process of the development of ig it is possible to describe the majority
of the known (in the literature) catalytic polarographic systems in terms of a common mechanism over a wide range
of reagent concentrations, It correlates fairly well with experiment, There is no need to introduce additional reac-
tions depending on the variation in the composition of the solution in the description of the process, as must be done
in the case of the oxidative —regenerative mechanism [28-29]. Thus, the coordination approach to the description
of the development of i, is preferred from the standpoint of the chemical mechanism of the process,

The currently existing theoretical equations (Brdicha, Delahay, Koutecky, et al,), which quantitatively relate
i, to the rate constant of the chemical stage, were derived on the premise that the regeneration of the initial depol-
arizer is responsible for the exaltation of the current. Here the kinetics are determined by the transfer of an electron
between the substrate and the catalyst, As shown in [16-19], these equations have definite limitations in respect of
the range of substrate and catalyst concentrations and also reaction rates. They agree with experiment best of all
under conditions where the real order of the reaction is pseudomonomolecular. Experiment is described somewhat
better by a formal equation of the Langmuir type, obtained by the phenomenological analysis of catalytic polaro-
graphic systems [18]:

ImaxCg
i c= m ’ (D

where 1., is the asymptotic value of ic, Cg is the concentration of the substrate, and Kem is an empirical constant.
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TABLE 1. The Rate Constants and Instability Constants of the Intermediate Compounds,
Obtained from the Equation

System Ki.cale Keale kiig Acidity |Reference
Fe*?—H,0,—H,S0, 0,07—0,09 5878 23—78 0,01~ 0.5 [19,34{
m.
Fe (III) EDTA—HéO.-Acetate 0,022 1,0—1,3-10¢] 7.3.108 pH'4, 28]
Gu (I1) —H OA_H 1 0.163 53,5 49—58,5 |0,1=1.mHCI 29
Cr (I EDTA—NO,— Acetate| 0,173 35,0 30,1—35,1 [ ' pH 4,7 31
Ti (IV) EDT A— H:O: 0,01 1,1.10¢ | "(6%2).10% pH 2 32
Ti zl JEDTA —HiO, 0,06 1,2.10¢ (6:£2).108 pH 0,9 32
T1 IV; —BrQO, 0,03 7.8:10¢ (6,7x3).104 pH 3,3 33
Ti (IV) NTA—H,O, 0,011 2.108 (2::1). 108 pH 2 32
Ti (IV) Sal—H,0, 0,018 3.108 | (3x1).108 PH 3,6 [32

By analogy with the Langmuir equation the expression
Cs/(Kemm + Cg) can be considered to be the proportion of

(3
-\i < combined catalyst.
190} 0,751 However, this equation only describes the experi-

mental data but does not give a quantitative relation be-
tween the macrocharacteristics of the process and the kinet-
ic parameters of the reaction, To obtain such a relation it
is necessary to obtain a simultaneous solution of the diffu-
sion and kinetic problems, similar to the way in which this
was done within the scope of the regeneration scheme. In
the case of the coordination mechanism the kinetic equa-

w0} 450

JOr- 425

\ 4 , M m{”_‘ tion and the course of the process are more complicated
b 1 ,'I. vV than this scheme, and the use of an accurate solution by the
/o Koutecky method gives rise to enormous difficuliies,

Fig. 1. The dependence of ig/ic on i/Cy,0, The problem was solved by using the reaction-layer
(curves 1 and 2) and the dependence of i,/ig concept in analogy with {30], The following scheme was
on V' Cyy 5, (curves 3 and 4), calculated from examined;

202
the data in [17]: 1, 3) Fe (III) BSED catalyst; Adng oK K+ S KS: KS+-mz > K+ Py (2

2 talyst. .
» 4) Fe (1IT) TEA cataly where A is the initial depolarizer, S is the substrate, K is

the catalyst, KS is the intermediate compound, and P is the
product from the catalytic reduction of the substrate.

Under pseudomonomolecular conditions:
(81> [K]. o)

In this case the flow of the compounds at the electrode for scheme (2) can be represented in the following

fOl‘lTl:
Cks Ck+ck v

D b= pk 5 ‘Cs» (4)

where D is the diffusion coefficient of A, u is the thickness of the reaction layer, and k is the rate cbns:am of the
forward reaction. The superscripts on the concentrations have the following meanings: o, the outer surface of the
reaction layer; e, the electrode surface; v, the volume (initial) concentration. If the transformations employed in

[30] are used, it is possible to obtain:
v_GCs Dk (2K; +CY)
‘c=a.CKKi+C¥ 2 , (5)

where a represents the electrical constants, and K; represents the instability constants of KS.
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According to the coordination scheme [16], the diffusion coefficient of the complex KS can be taken as ap-
proximately equal to the diffusion coefficient of the initial depolarizer. Therefore, in view of the fact that q=
0,51 m?/%t*/% and n = 0.627°F*n-* 107DY/2m?/3¢1/8 Eq. 5 can be presented in the following form;

nCg .‘// k(2K;+C%) ¢

0.8
‘e lia Ki +CX' 2
or .
n-cy 4‘/‘3 (26, +c¥)t
i Jig = 0.81 , : 6
fclia K; +cd 2 | ©

where n is the ratio of the number of electrons taking part in the electrode stage of the catalytic and diffusion pro-
cesses, '

This equation describes the catalytic currents which arise in scheme (2). Its special cases are associated with
the stability ratio of the intermediate complex KS and the range of substrate concentrations, i.e., Kj and Cé' [30].
For instance, when an unstable intermediate complex is formed or when the concentration of the substrate is low,
i.e., when K; » C‘S’, Eq. (6) converts to the following form:

ifia = 0.81nC3 VHIE, ' Q)

i.e., is analogous with the Brdicka equation in the nature of the fc—C{ relationship. When a stable complex is
formed or when the concentration of the substrate is high, i.e., when K;j < C{, Eq. (6) takes the following form:

iefia=0.81n)/ k¥ 12 . ®

Equation (8) almost coincides with the asymptotic equation of Koutgcky. Thus, for the Fe’*‘-—Hzo2 system,

where n = 2 [16], it takes the following form: i./iq = 0.81 /Ekccﬂzoz.

Thus, Eq. (6) can be considered to be a general case of the expression for i, relating it to the parameters and
kinetics of the process.

Equation (6) is not suitable for practical use in the general form, for its use requires a knowledge of the value
of one of the constants K; or k for the determination of the other from the experimental data, When these data are
not available, Eq. (6) is suitable only for a qualitative description of the systems, To reduce it to a form which is
suitable for use Eq. (6) is converted into the following form by expansion of the factor under the square-root sign in-
to a power series;

cs —
igfia = 0.81nm VR, )

Here, the error arising from the neglect of terms of second or higher powers in cg (in the case where C§ =< 0.5
K;j) amounts to <104,

‘ Equation (9) is solved graphically by the method of double reciprocal quantities. For this purpose it is written
in the following form;

1.23VKi 1.23

iglic = W-I/CE' +ﬁ/_lﬁ‘t" (10)

By plotting a curve for the dependence of ig/ic on 1/C§, it is possible to obtain a straight line with a gradien:
of 1,23 Kﬁ/n(kt) ’5“. The intercept on the ordinate axis is equal to 1.23/n(Kikt)f, and the intercept on the extensic
of the abscissa axis is equal to 1/K; (i.e., Kgt). By determining the slope of the straight line and the intercepts
graphically it is possible to calculate K; and k from the following equation: ¢

K; = A/B, | an’
where A is the tangent of the slope of the straight line, and B is the intercept on the ordinate axis,
The value obtained for K; can be checked by means of the expression: ’ :
Ky =—1/C, » (12)

where C is the intercept on the extension of the abscissa axis.
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The rate constant of the chemical stage is determined from the equation:

1.23\2 1
=) wET (9

Equation (9) also confirms the accuracy of the empirical expression (1) and makes it possible to interpret the
meaning of the constant Kem. In fact, for a constant catalyst concentration (ig = const) and by combining all terms
in Eq, (9) which are independent of CY, it is possible to obtain the following equation:

o= RS (19
la=———.
¢ Ki+cY
Comparison of Eqs. (1) and (14) shows that they are identical, Consequently, Imax from Eq. (1) is identical
with R from Eq. (14) and K¢y, from Eq. (1) can be considered to be equal to Kj from Eq. (14).

By making use of the properties of equations with the hyperbolic form of type (1) and (14) it is possible to make
a preliminary assessment of K; directly from the relationship between i, and Cg.

From Egs. (1) and (14) it follows that K; (Kem) = C§ for i, = Ipax/2 (or R/2). Thus, the Ky (or Kem) value
is equal to the concentration of the substrate at which the catalytic current is equal to half its asymptotic value. In
the case of systems where the ic—c‘s’ relationship rapidly reaches saturation, the determination of K;j (or Kemn) from
the experimental curve can be carried out fairly accurately, This is particularly important for the determination of
the ratio of CY and K;, i.e., for the region where Eqs. (6) and (9) are applicable, Equation (9) was checked for the
Fed* . H,0, system and certain other systems where the authors give the necessary data.

As seen from Table 1, the values for the rate constants of the chemical stage, determined from Eq. (9), are in
agreement with the generally accepted values.

The relationships between i,/iq and C%HZOZ (according to Koutecky) and between ig/i. and 1/Cy,0, [Ed.
(10)] are given in Fig. 1. The experimental points fit well on to the lines 1 and 2. At the same time they deviate
appreciably from the linearity predicted by the asymptotic equation of Koutecky for the relationship between i/ig
and C H,0,’ although the conditions for its use are satisfied [17).

The lines for ig/i. against 1/ CH,0, Pass through the origin of the coordinates, and k and K; cannot therefore

be determined separately in this case. Their ratios[5- 10° for Fe (III) BSED* - H,0, and 1.6 10° for Fe (IID) TEAT
H,0,] were calculated from the gradient.

The nature of the relation. between ig /ic and 1 /CHzoz shows that Eq. (7) does in fact hold over the whole

range of H,0, concentrations ( 1076-10"%2 M) investigated in [17). In the systems examined the stability of the inter-
mediate compounds is almost the same as in acidic solution since, according to the condition for the use of Eq. (7),
K; > CY, and consequently K; = 1072 M.

Thus, Eq. (6), derived from the coordination premises, correlates with experiment for systems which differ in
nature and covers a wider range of substrate concentrations than the Koutecky equation.

Catalytic phenomena of a coordination nature have also been observed in the method of amalgam polaro-
graphy with accumulation. Apart from the previously described catalytic reduction of hydrogen peroxide during the
anodic dissolution of copper and lead [35], the formation of a current for the dissolution of cobalt accumulated on a
stationary mercury electrode in the presence of increasing quantities of C1”, CNS”, and Pyr has also been described,

As shown in [36], the dependence of the dissolution current on the concentration of the ligand is exwremal in
ature, The ligand concentrations corresponding to the peaks on the curves for various cobalt concentrations behave
s the square roots of the ratio of the metal concentrations. From this it was concluded that a greater degree of la-
ilization of the coordination sphere of Co?* than that secured by its equation is required for the electrode process
.0 go to completion and for the corresponding rearrangement of the electronic and atomic configurations of cobalt

in Co?*, Such labilization is achieved by the introduction of two ligands with a greater donor ability than that of

* BSED is bissalicylalethylenediimine.
TTEA is uiethanolamine,
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water into the coordination sphere of Co?*, Therefore the kinetics of the anodic dissolution of the accumulated co-
balt are controlled by the formation of a complex of the [CoL, (H,0)4]° type in the case where L = C1°, CNS~ or of
the [CoL, (H,0),1?* type where L = Pyr, NH,, etc.

The coordination approach to the problem of the development of i, makes it possible to forecast the catalytic
polarographic characteristics and to make a guided selection of systems for analytical purposes on the basis of data
on the structure and the proportions of the donor and acceptor characteristics of the reagents [37],

For analytical work the coordination scheme suggests the following recommendations for the selection of pairs
of reagents with regard to the rules given by Toropova and Zabbarova [40],

The substrate and the composition of the solution should be chosen so as to ensure the maximum lability of the
determined metal in the compound where it will act as catalyst. For the majority of transition metals these are nitro-
gen- and oxygen-containing chelates with the donor groups in the equatorial plane of the octahedron and two mono-
dentate ligands in the 5-6 positions, (It is these ligands which are readily substituted by the substrate.)

It is necessary to ensure the maximum affinity of the substrate towards the catalyst. Thus, the most suitable
substrates for catalysts in the higher valence state are hydrogen peroxide and its various derivatives, In this case hy-
drogen peroxide exhibits its m-donor ability. Here the waves are shifted to the strongly positive region, In the case
of catalysts with filled d levels, where the substrate exhibits its -acceptor activity, hydrogen peroxide, hydroxyi-
amine, and the nitrate, perchlorate, and chlorate anions and their derivatives can be employed as substrates, The
catalytic wave will coincide in potential with the diffusion wave of the catalyst, In this case the choice of substrate
is dictated by the ratio ¢ of the reagents and the reaction rate,

By means of these ideas it has been possible to develop highly sensitive and selectivé vmethods for the determi-
nation of iron [37], titanium [38], and niobium [39] in high-purity compounds, with sensitivities of n - 10° g/ml for
iron and titanium and 108 g/ml for niobium with a variation coefficient not greater than 109,
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