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Abstract The theory of the polarographic catalytic cur-
rents (mechanism CE) has been developed for the sys-
tem: Ni>"-L-XP~ where L: pyridine (Py), nicotinamide
(NA), N,N-diethylnicotinamide (DEN), nicotine (NC)
and XP~: NO~;, AcO~, HPO*, . The theory is based on
the kinetic parallel heterogeneous catalytic reactions:

/

k
Ni** + Lags—>Ni(Lygs)*" (1a)

"

NiX2P 4 Loge 5N P
ads ™ 1(X)(Lads) (1b)

with the use of Langmuir’s adsorbed isotherm. The ki-
netic equations obtained for average and instantaneous
currents allowed to determine the Langmuir’s parame-
ters (NA<DEN<NC), kinetic parameters and the
contribution of reactions la and b to the summary cat-
alytic currents. The ky, value rises with the increase of the
NiX>P stability constant. The correlation k;,>>k;, was
explained by the additional effect of the field electrode
through XP~. These effects base the reaction 1b instead
of accepted early alternative reaction of the ligand ex-
change. In spite of the fact that k;,>>ky,, the contribution
of the reaction la in the summary catalytic current at-
tained more than 60% (Py, DEN) due to the influence of
the o potential.
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Introduction

Catalytic current at the dropping mercury electrode
corresponding to the polarographic prewave of a metal
ion’s electroreduction catalyzed by a ligand represents a
great interest for electrochemistry, analytical and coor-
dinate chemistry [1-4].

Catalytic systems Ni (II)-pyridine (Py) and its deriv-
atives: nicotinamide (NA), N,N-diethylnicotinamide
(DEN) and nicotine (NC) may be considered as a model.
However, the kinetics and mechanism of electrocatalytic
process in these systems were developed insufficiently,
especially for NA, DEN and NC. This work develops
the theory of the catalytic currents, analyzes and com-
pares data on the kinetics and mechanism of electro-
catalytic processes in the Ni (I)-Py (NA, DEN, NC)
systems on the basis of the concept of parallel hetero-
geneous catalytic reactions with participation of the
adsorbed ligand-catalyst [5], using the Langmuir’s ad-
sorbed isotherm [6, 7].

Theoretical part

The mechanism of the considered prewaves has been
discovered by Mark and Reilley [8, 9] as the catalytic
process which takes place with participation of the ad-
sorbed at electrode ligand-catalyst (heterogeneous reac-
tion). Further development of this mechanism was
continued by Tur’yan et al. [2, 5, 10, 11]. The authors
[10, 11] proposed the concept of parallel heterogeneous
catalytic reaction. The volume-hydrated metal ions and
its complexes with ligand-catalyst and anions of the



supporting electrolyte from one side and adsorbed li-
gand-catalyst from the other side participated in this
heterogeneous process . Equilibrium between hydrated
metal ions and complexes in the bulk solution including
reaction plane near electrode surface (the outer Helm-
holtz plane) was accepted [10, 11]. This equilibrium and
also adsorbed equilibrium including the low ligand-cat-
alyst concentration (>5.0x10~> M) have been proved by
the determination of the stability constants of the com-
plexes on the basis of the catalytic current [12]. Precip-
itation of the complex in the considered heterogeneous
catalytic reaction has also been analyzed by Mark et al.
[13] but without taking into account of the equilibrium
of NiX* P formation also near the electrode surface that
did not allow to obtain kinetic parameters of the pro-
cess.

Further we consider the concept of parallel hetero-
geneous catalytic reactions [5] in abridged form when the
participation of the complexes NiL>" and NiLX®P) in
the heterogeneous catalytic reactions may be neglected;
L, is the ligand-catalyst; XP~ is the anion of the sup-
porting electrolyte. Hence we obtain the scheme (1) of
the catalytic process for limiting catalytic current. Note
that Mark et al. [13] paid attention to the existence of
two alternative reactions 1b (scheme 1): reaction of the
ligand exchange and reaction of the mixed complex
formation. As it will be shown in ‘“Discussion”, it is
necessary to prefer the latter reaction, as it was made in
scheme (1), unlike Ref. [5].
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substituted with [L]y here, but these values are practi-
cally equal for uncharged particles).

As it was shown by Mata et al. [6, 7], it is necessary to
use Langmuir’s adsorbed isotherm (Eq. 3) instead of
Eq. 2 for wider interval of Cp (Py and NC).

! _ 10_3KL [L]b

[Lads] - TCO[L]S (3)

where w is Langmuir’s parameter.

Knobloch [15] has also observed the applying of
Langmuir’s isotherm for the process of the hydrogen
catalytic evolution under influence of the product NA
electroreduction.

Taking into account that heterogencous chemical
reactions of type (1) correspond to the limiting current
of prewave and at pseudo-first order ([L,qs]=const),
Koutecky’s equation [16] was used in works [10, 14] that
is analogous to the equation for the description of
electron irreversible transport kinetics. For average
current this equation accepts form:

124, 0.5
P it . 4
n=(5n) & @)
and for instantaneous currents

127\ 03
L= <7_D> ket (5)

ey

Lads 2e”
(NI s NiLags)”" ——> Nigigr Lacs
XP~ T *
Lads L2
(NiX? ™)y > Ni(X)(Laas)” * ——> Ni(Hg)+X" +Lags

_ In Scheme 1: index ““H™ is the outer Helmholtz plane,
ki, and k, are the heterogeneous rate constants;
Ni(Lags)? ™ and Ni(X)(L,qs)> P are the electroactive
complexes adsorbed due to ligand-induced adsorption.
At the same time, the direct adsorption of the analogous
complexes from the bulk solution does not give rise to
the electroactive species in the considered catalysis.
These conclusions have been drawn from the kinetic,
equilibrium and electrocapillary measurements [2, 3].

The low concentration range allows to use the Henry
adsorption equation [10, 14]:

[Lads}

Ke=105m

(2)

S

where K| is Henry constant (cm); [L]; is the equilibrium
concentration at the boundary between diffusion and
double electric layer (more accurately, [L]g should be

where y,(y) is the Koutecky’s parameter; ¢; is drop life-
time ; 7 is the time elapsed after the beginning of the drop
growth; D is the common diffusion coefficient; k. is the
effective summary heterogeneous rate constant of the
parallel formation of Ni(L,q)> " and Ni(X)(Lqs)* P at
the conditions of the limiting catalytic current when the
opposite heterogeneous reaction may be neglected; it is
also being related to the effective heterogencous rate
constant for individual parallel reactions (see below);
71(3) is determined from F(y,) and F(y) values, respec-
tively, using Koutecky’s tables [16, 17]. The F(y,) and
F(y) values are calculated from the equations:

_ I
F(py) = 2 im ()
lim
e
F(7) = im, g
lim
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where YIS . S" IS being the average and instanta-
neous limiting catalytic currents, respectively (as the
summary current for parallel catalytic reactions in
Scheme (1); 73 . I$ are the average and instantaneous
limiting diffusion currents, respectively.

For average currents, Weber and Koutecky [17] have
obtained very accurate analytical solution correspond-

ing to Koutecky’s table [16, 17]:

Z £ 7lim
=0.677y, (8)
hm Z lim
Besides the simplicity of the kinetic calculations
another important advantage of the analytical

solutions is the inclusion of I{,(/f},) in the kinetic
equation and hence of the concentration of nickel(II)
species, Cni.

k f= [Lads]{k;lexp(—lpo(zF/RT))

i = [NPF] + [NV + [NiXP P (13)
where k. and k. are the effective heterogeneous rate
constants of the reactions la and b (scheme (1)),
respectively.

Taking into account the equilibrium between Ni*"
NiL?*, NiX?"? in any point of the solution and using
Gierst’s equation [20] for effective rate constants of the

heterogeneous parallel catalytic reactions:

kef = k;; [Lads|exp < Yo ]2:;) (14)
kgf = k; [Lads]exp (_lpo %) (15)

from Egs. 12-15, we have obtained the following rela-
tionship:

1+ (B)LLL + (B xr-
Some analytical solutions for instantaneous catalytic
kinetic currents have been proposed [7, 13, 18, 19], which
were more or less close to the accurate results obtained
from Koutecky’s table [16].
The solution [7, 13] was based on the plane static
electrode and has the form:

%ﬁim = (%) ’CeXp<172 >erfC[<172>O'SX] ®

Our comparison with Koutecky’s table has shown that
Eq. 9 gave y values about 30% lower than the values
from Koutecky’s table. The principle reason is, most
probably, neglect of plain electrode expanding (Eq. 9),
which was taken into account by Koutecky [16].

Smithe et al. [18] approach gave the following equa-
tion:

0.917
( 2 Lim ) = 1.030y
hm Z lim

which at low F(y) ( < 0.08) has shown y values 7-21%
higher than the values from Koutecky’s table.

Jones and Aikens approach [19] (Eq. 11) gives good
similarity of y values to Koutecky’s table for wide range
of F(y) values.

0.947
( 2 fim ) =1.041y
hm Z lim

Eq. 11 will be used by us below.

We applied the following equations for obtaining the
ke (Eq. 4 or 5) dependence from the effective constants
of the parallel heterogeneous catalytic reactions la and
(b) (scheme 1):

ket Gy = KigINPH], 4 K [NiX P,

RN

(10)

(11)

(12)

+ Ky (B1)xr [XP7)exp(—o[(2 — p)F/RT])}
T

(16)

where (1)L and (B1)xr are the complex stability con-
stants of NiL?>* and N1X ~P, respectively (higher com-
plexes can be neglected); Y is the potential of the outer
Helmholtz plane; the other symbols are generally ac-
cepted in electrochemistry.

For average limiting catalytic current (DC polarog-
raphy) at the excess of XP~ ([XP™|, = Cx»-) from Egs. 3,
4, 8 and 16 for scheme (1), we obtain kinetic equation

(17):
ZTﬁm{l (B, + <ﬂ,>xpcxp}

(llm Z lrm>[ ]
2F
by )

— 0.886 C—‘))O'S HKﬁ {kL exp (
)}

2-pF
RT
For the limiting catalytic instantaneous current (DC
tast polarography) from Eqs. 3, 5, 11 and 16 for scheme
(1) we obtain kinetic equation (18).

. :< 5 f >°‘°”{1+<ﬁ1>L[L1S+
11111 lim

Yav =

L (B)xr Cxr exp (—wo (17)

(B1)xr-Cxo- }

-2 L
= 1.363 (é) " #u];[us {k;l exp (—1//0 %)

(B Cxo exp( R )} (18)

The ligand—catalysts investigated here (Py, NA,
DEN, NC) form with Ni*" relatively weak complexes
[(B)); < 10%]. If protonation of nitro%en in pyridine ring
can be neglected at small excess of Ni“ " and particularly



when Cp and Cy; are close and also at a great excess of L

(CL>Cyj), the following correlation takes place:
L, =C, (19)

When Cni>Cy, [L]s for average currents is calculated
from Eq. 20 derived as in work [21], while also taking
into account the NiX>~P complex.

CL{l + (B1) X”*CXP }jﬁim

L] =
{1 + ﬁl XP*CXP } lim T ) (Ilm Z llm)CNi
(20)
For instantaneous current the Y /¢ and I values in

Eq. 20 must be substituted with >>7¢  and I
respectively.

If pH is decreased and the protonation of the nitro-
gen in the pyridine ring is substantial, taking into ac-
count catalytic inactivity of this protonated form [9, 10],
the [L], value is calculated with Eq. 21 if C;>Cy; [21].

Kq
K, + [HY]

lim»

[L]s = Cu (21)
K, is acid dissociation constant of the protonated
nitrogen in the pyridine ring (Py, NA, DEN, NC).
Generalization of these approaches has been given in
work [22].

Equations 17 (average current) and 18 (instantaneous
currents) allowed us to determine the Langmuir’s
parameter o investigating the linear dependences:

vV, (22)
or
Yo s (L], (23)

at constant Cy; , potential (E) of the > I (O"If )
measurement and 7;(7), and also given the nature and
concentration of the supporting electrolyte.

At the same condition and Cp=const but with
changing of supporting electrolyte concentration
Eqgs. 17 and 18 can be transformed to the linear depen-
dences:

Yayvs.x (24)

where Tay = Yoyexp (o 25) and x = Cr exp (1 25) or

Yinvs.x (25)
where Y, = Yinexp (g 25) and x = Cxr-exp (¥ ’1;—1;)

Dependences (Eq§. 24, 25) /gllow to determine the
kinetic parameters k Ki and k Ki using the parameter
o.

For determination of k,Ki and k,K; we can also use
the dependences ) I (> 1If)) versus Cy; at the condi-
tion 19 and Cy = const (o= const). Applying Ilkovic’s
equations [23]:

jfijm = kCni (26)

13

or

ld

lim — = KCNi (27)

where &« and k are Ilkovic’s constants for the average
and instantaneous limiting diffusion current, respec-
tively, from Eq. 17 we find the dependence > IS vs
Cy; for average current:

E:hm_

and from the Eq. 18 we obtain the dependence ) If
versus Cy; for instantaneous current:

Aink
=—Cni
Z lim 1 + Ain

The A4,, and A;, are constants, which are described by
the equations:

AayK

Cni 28
Th AL (28)

(29)

- AR KiCL
Auy = 0886(5) [T+ (BCL + (B1)xr-Cx- (1 + 0Cy)

) 2F
x {kh exp <—‘//o R_T)

L (B Cxo exp [—wo 2-pF

)
0.5 KLCL
m_{l 363( ) [l+(ﬁl)CL+<ﬁl)XP7CXP7}(1+(1)CL)
X <ki1 exp (—‘//0%) +hy(B1) o Crr-

o))

From Egs. 26-31 follows that the direct proportional
dependence > I¢ (DI5 ) versus Cy; should be observed
at indicated conditions and [L];=const (pH = const).
Though most of the catalytic prewaves for metal ion-
ligand (catalyst) systems connected with heterogeneous
catalytic reactions of type (1), there are examples [2] of
the homogeneous catalytic reactions caused, as above,
by the CE mechanism. In the case of the assumed
homogeneous catalytic reaction Bulmer et al. [24] used
the kinetic equation that takes into account the super-
position of the discharge of the complex-depolarizer
from the solution bulk. Recently, more correct solution
of the similar problem has been given by Tur’yan and
Lovric¢ [25]. Banica et al. [4, 26, 27] also assumed the
homogeneous nature of the one of the catalytic reactions
of the complex formation and used the kinetic equation
for the irreversible redox reaction (mechanism EC). This
approach is inaccurate for the following reasons: (1)
unlike the redox catalytic reactions, in the kinetic cal-
culations for the complex formation reaction it is nec-
essary to take into account the reversibility of the
homogeneous reaction independently from the complex
stability constant value and independently from the

(30)

(31)
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achievement of the limiting catalytic current, (2) unlike
the redox catalytic reaction, in the general case it is
necessary to take into account the presence of the
complex-depolarizer in the solution bulk, especially ac-
cepted by Banica et al. [26, 27] for high stability constant
of the complex-depolarizer Ni(NA)** (see below).

Mechanism of the electrocatalytic processes
and ligand-catalyst nature

General conditions

The range of the supporting electrolyte ionic strength (/)
0.05-0.5 has been chosen in order to provide the
approximate constancy of the activity coeflicients of ions
[3] and hence, the constancy of ()L and (f;)xr-

The limiting catalytic current (the height of the pre-
wave) should be measured at the given potential since
the potential affects ligand—catalyst adsorption.

The Y If , includes a certam contribution of the non-
catalytic dlscharge of Ni*"ions (Ip) in the general case.
If  condition Ihm > 1, has ~ not fulfilled the
oI D eorr - diim — Lo and (3 IE )., 18 calculated by

the equation [29]:

(S )., ~ S

11m ]d _ 70
where Y"1, is the total catalytic current; Io is the
current of the non-catalytic discharge of Ni** at the
same potential but at Cp =0. Equation 32 is given [29]
for the average currents. The same equation is applied
for instantaneous currents.

The limiting diffusion current should be obtained
from the second (total) wave at the supporting electro-
lyte concentration < 0.2 M, in order to eliminate the
kinetic retardation [30].

The diffusion coefficient is assumed to be similar for
all particles, including Ni**; for Ni*™, it is accepted to
be equal to D=60x10" ¢ cm?/s™ !, found by the radio-
chemical method for wide range of the supporting
electrolyte concentrations [31].

The analysis of the double electric layer influence on
the kinetics for all systems was carried out on the basis
of Yo-potentials from Russell’s table [32] after correction
of the electrode potentials to NCE instead of SCE, as
shown there. The o-potentials from the Russell’s table
are more accurate [3] than data presented by Yamaoka
[33] for NaClO4 solutions probably because of some
Cl™ 4 adsorption, regardless of the negative charge of the
electrode surface.

The influence of the L adsorption on the y/, potential
was neglected because of the low L concentration. The
Ni** influence on the y, potential was neglected at
substantial excess of supporting electrolyte only.

The supporting electrolytes for most investigated
systems were KNO; (NaNO;). It was caused by the

(32)

necessity to use the stability constant of the Ni(NO;5) ™"
complex (fB)no,~ = 0.4 [34].

The temperature was 25°C unless indicated other-
wise.

Ligand-catalyst nature
Pyridine

The kinetic prewave in the Ni*"-Py system was de-
scribed by Tur’yan and Serova [35] but catalytic heter-
ogeneous nature of this prewave was shown by Mark
and Reiley [8, 9].

The parallel catalytic heterogeneous reactions (1) in
the Ni>"-Py system were investigated in Ref. [5] for
the first time on the basis of the kinetic data [10] (DC
polarography; average currents for summary prewave).
In this data the influence of the parallel catalytic
reaction with Ni(Py)*" participation was eliminated
(extrapolation of the kinetic data to Cpy=0 and
obtaining an “«” parameter) and due to low Cp, the
Henry’s adsorbed isotherm has been used. At the same
time, in this analysis [5] the stability constant of
Ni(NO;) ™ complex was not taken into account and
insufficiently accurate i, values from Ref. [33] were
used.

We repeated the kinetic analysis (Table 1) on the
basis of Eq. 17 in form (Eq. 24) (w Cpy«l) using
(Bi)no, = 0.4 [30] and W from Ref. [32]. Furthermore,
in the initial data (kinetic parameter “«”) [10], more
accurate condition was introduced: Dy &2 Dyipy2+ = D.
The data for verification of Eq. 17 in form Eq. 24
presented in Table 1, where kinetic parameter “o’” was
taken from Table 2 [10] The (B1)py=(99 £5) value was
obtained from Ref. [10]. The ) I and the tabular
values at the E=-090V SCE; ¢=3.75s,
D=6.0x10"%cm? s~ !, pH=6.5.

On the basis of Table 1, the linear equation was ob-
tained:

Yoo = 118 +1.58 x 10°%x  R* =0.999 (33)
that confirms Eq. (17). Hence we have obtained
(o] Pyli<1):

0.5
1.18 = 0.886 & Kpy (%) (34)

Table 1 Data for verification of Eq. 17 in the form of dependence

(Eq. 24) for Ni? -Py system

Cranos (M) —o, mV o [10] Yoro M x (M)
0.05 93.0 21.1 1.35 1.35x1073
0.07 85.8 13.3 1.51 2.50x1073
0.1 78.0 8.7 1.82 4.82x1073
0.2 83.8 6.0 3.92 1.68x1072
0.5 47.5 5.3 13.67 7.90x1072




Table 2 Verification of Eq. 17 in form (22) in the acetate buffer
(pH=15.3) for Ni?"-NA system
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Table 3 Verification of Eq. 17 in form (22) in the phosphate buffer
(pH=17.2) for Ni**-NA system

Crax10* (M) 2.50 5.00 10.0 15.0 200 (Cna=[NAJ)x10* (M) 250 500 100 150  20.0
[NA]5><104, M 2.45 4.90 9.80 14.7 19.6 (Yav)_1><104, M 1.64 1.90 2.11 2.44 2.89
(Ya) ' x10%, M 1.77 2.02 2.44 2.88 3.42
t 0.5 . . ° .
2 _ " Sl tion of this constant to 25°C using data from [24, 38, 39]
1.58 %107 =0.88 thPY(ﬁl)NOs (D) (33) gives (f;)na approximately 30% smaller.

and kinetic parameters were calculated: k Kpy = 1.7 x
10* M~'s™" em and (k)No:-Key =0.56 M ' s™'em
for parallel heterogeneous catalytic reactions (1).

Though in number of works (for example, [24, 35]),
the prewave in the Ni**-Py system was associated by
some authors with homogeneous reaction of the com-
plex formation, at present there are no doubts that it is
the heterogeneous process [3]. Complexity of the kinetic
analysis consists in the participation (in general case) of
the volume Ni(Py)>" complex in parallel heterogeneous
catalytic reactions [10] and, hence, investigation of the
conversion from Henry’s isotherm to Langmuir’s iso-
therm (see ‘““‘Discussion”) is difficult.

Nicotinamide

The catalytic prewave in the Ni*“-NA system has been
discovered by Ruvinsky et al. [36] and its heterogeneous
nature was shown. This nature results from the effect of
the maximum suppression of the main wave of Ni*"
discharge due to NA adsorption. The NA adsorption
has also been shown by Knobloch [15] electrocapillary
measurements of the NA solution. However, from AC
polarographic investigation, Elving et al. [37] have made
a conclusion about slight surface activity of NA. This
conclusion allowed Banica et al. [26, 27] to accept the
homogeneous nature of the catalytic reaction that results
in the prewave in the Ni*"-NA system.

Taking into account the works of [15, 36] and espe-
cially the high sensitivity of electrocapillary measure-
ments [15], we consider the catalytic parallel reactions
(1) as heterogeneous also for Ni*"-NA system.

Besides the consideration of homogeneous catalytic
reaction with the use of inaccurate kinetic equation
(see Theoretical part), Banica et al. [26, 27]
applied an erroneous stability constant of the
complex Ni(NA)*" : 1g(B1)na = 3.40 — 3.54. The value
1g(B1)na = 3-40 was taken from work [38]. It is in fact
pKa where Ka is the constant of acid dissociation of
protonated nitrogen in the pyridine ring of NA. We
estimated more correct (ff;)ys value from the kinetic
data [24, 38, 39] as ratio of the rate constant of the
complex formation (close for Py and NA) to the rate
constant of the complex dissociation. After recalculation
to 25°C we have obtained (f)y, = 31(/ = 1.0). Similar
(B1)na = 30.9 (I=0.03; ~0°C) has been found by Kha-
kimov et al. [40] by cryoscopic method. The recalcula-

Thus, the correct (f;)ya constant (we use
(B1)na = 31below) is about two orders smaller than the
one applied in works by Banica et al. [26, 27].

pKa=3.40 (I=1, 24°C) [38§] is close to pKa=3.35
(I=0;20°C) [41]. pKa =3.40 was used in the calculations
below. Protonation of the nitrogen in the amide group at
p= 2 can be neglected because of pKa=0.67 (I=0; 20°C)
for this nitrogen [41].

Since our kinetic calculations have been carried out
for data obtained from acetate and phosphate buffers
[27], we have used the following stability constants of
Ni*"  complexes: Ni(OAc)™ : (f))r0- = 10( =0.1)
[42],  (B1)aco- = 6.5(1 =0.2)[43],  (Bi)pco- = 74U =
0.16; our calculations) and NiHPO,: (B, HPO» =
120(7 = 0.1)[44], (B1)upo, = 104 (I=0.2; our calcula-
tions for investigated condition, using activity coeffi-
cients[28]), others such as Ni*" phosphate complexes
were not observed [44].

For the description of the ionic strength and HPO? 4
concentration in the phosphate buffer (pH = 7.2) [27], we
used the acid dissociation constant of H,PO’>7, :
pKa=6.70 (/=0.1) [44] and pKa =6.67 (/=0.2; our
calculations).

We have used the following experimental data [27] for
verification of the concept of the parallel heterogeneous
catalytic reaction. Our Table 2 corresponds to Fig. 2
[27]: acetate buffer, pH=5.3, [NaOAc]=0.164 M,
[HOAc]=0.036 M, I=0.16. Our Table 3 corresponds to
Fig. 2: phosphate buffer, pH=72, [HPO; |=
576 -1072M, [H,PO;]=2.12-10"2M, [CI"]=2.12.
1072M, [K"] =0.16 M, = 0.22. In both cases: Cn;=
5.0x10~* M; t, =3.44 s; average currents.

Tables 2 and 3 were calculated for verification of
Eq. 17 in form (Eq. 22) for the determination of Lang-
muir’s parameter » and for further kinetic calculations.
The [NA]; in acetate buffer (pH = 5.3) was calculated by
Eq. 21 (Table 2). For phosphate buffer (pH=7.2) the
correlation 19 has been used.

Linear dependences in form (Eq. 22) obtained from
Tables 2 and 3 confirm Eq. 17, for acetate buffer:

(Ya) ' =154 x 107* + 0.094[NA], R*>=0.998 (36)
and for phosphate buffer:
(Ya) ' = 1.49 x 107* + 0.067[NA], R>=0.984 (37)

Hence Langmuir’s parameters for acetate buffer (Eq. 36)
w=(0.084/1.54x10"*=6.1x10> M~ and for phosphate
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buffer (Eq. 37) @=(0.067/1.49x10"%)=4.5x10> M~!
have been calculated.
On the basis of Egs. 17 and 36, we have obtained the
following equation (acetate buffer):
2F

1 tl 0.5 ,

W = 0886(5) KNA X {kh exp(
n F

+ <kh)AcO’ (Bi1)aco-Caco- exp <—lpo ﬁ) }

(38)

and on the basis of Eqgs. 17 and 37 for phosphate buffer:

1 t] 0.5 ’ ZF
T3 10 = 0886(p) K x {"hexp( %RT)
+(k;1)HPOi’ (B1)upor Cupor- } (39)

For further calculations Eqgs. 38 and 39 were used for
acetate buffer (pH=5.3): ,=3.44s, D= 6.0x10°¢
em®s™!, Yo=-720mV at E (32I° ) = —0.90 V(SCE)
and CNJ.OA(, =0.164 M (ﬁl) AcO™ — =17. 4
Cac0=0.164 M, and for phosphate buffer, (pH 7.2):
n=344s, D=6010"° M, tpo——720mV at E
(>2I¢)=—-0.90V and [K"1=0.16 M, (B1)gpoz- = 104,
Chpor = 5. 76 - 1072 M.

In' addition, we used the dependence SIS versus
Cni at Cna=2.0x100*M in the acetate buffer
(pH=4.6) (Fig. 4) [27]. Linear dependence Z[l"m ver-
sus Cy; according to Eq. 28 is confirmed at low Cy;
(< 1.0x10~* M) that was shown [27] more exactly by
the differential pulse polarography only. The reason of
the linear dependence violation is the inhibition pro-
cess with the Cy; increase at relatively low pH
(pH=4.6). Probably, it is associated with the adsorp-
tion of the protonated complexes, including mixed
complexes [45].

For more accurate determination of the A,, by
Eq. 28, we have used the tangent in the Cn;=0 point
(Fig. 4) [27]. This tangent coincided with the curve ZIC
versus Cn; at Cr; < 1.0x107%. Hence from the slope of
the tangent 2.50x10° uA M ' and K=06.14
x10° uUAM~" and by means of Eq. 28 parameter
A 41=0.687 was obtained. Using this parameter for
acetate buffer (pH=4.6) form Eq. 30 it was found:

0.5
0.687 — 0.886(%)
Kna[NAJ

T+ (B)nalNAL + (B)aco Caco (1 +

, 2 z
X {kh exp (—lﬁo R—I;> + (k) AcOo (B AcO
F

)|

For calculation on the basis of Eq. 40 it is necessary
to use: 1,=3.44s, D=6.0x10"% cm? s, [NA],=1.85x
107* M (from Cna=2.0x10"%* M and by means of

o[L)

x C -exp| — 40
AcO

Eq.21 at pH=4.6 and 71=0.10), (f;)na =31,
(B)aco =10,  Caco- =0.098M, =6.1x10> M,
po=-81.5mV at E (3 I°)=-090V(SCE) and
Caco- = 0.1 M.

Joint solutlon of Egs. 38 and 40 glves k/KNA

=38x10> M 's ' em and (kl;l)AcO Kna =
043M 's7lem. Using Eq.39 and K Kna = 3.8x
103M's'cm, we have obtained the value
(kh)HPOi’KNA =15M"'s'em.

N,N-diethylnicotinamide

Catalytic prewave in the system Ni’"-DEN was dis-
covered by Shavgulidze et al. [46-48] and it was char-
acterized by these authors as the result of the catalytic
heterogeneous process.

The stability constant of Ni(DEN)*" complex
(B1)pEn = 43 was determined [48] from catalytic current
[2]. The constant acid dissociation of the protonated
nitrogen in pyridine ring pK,=3.48 was obtained by us
through potentiometric titration. Similar to NA behav-
ior (see Nicotinamide) at pH>5, the protonation of
nitrogen in amide group can be neglected.

We investigated (Tables 4, 5) Ni’*-DEN system with
DC tast polarography (instantaneous currents) for ver-
ification of the concept of parallel heterogeneous cata-
lytic reactions.

The conditions of the experiment are the same as in
Ref. [7]. The drop time ¢ was maintained mechanically at
3.5s. The "I for the prewave was measured at the
potential £=—0.95 V (SCE).

Data in Table 4 correspond to the following condi-
tions: supporting electrolyte 0.1 M KNO; pH=7.0 that
was adjusted by adding few drops of very diluted solu-
tion of HNO; and KOH, Cni=7.5x107M,
Iﬁn = 0.2 uA. Ddtd in Table 5 corre g)ond to conditions:
Crni=7.5%x10" M, Cpen=75.0x10"" M. Equation 19 is
observed in the case of both tables.

The obtained linear dependences from Table 4 are as
follows:

Table 4 Verification of Eq. 18 in the form of dependence (23) for
Ni?*-DEN system

(Coen=[DENJ)x10* (M) 0.5 1.0 20 40 80
DI 0212 0394 0706 1.128 1.500
(=2 liw)

(Yi) ' x 104, M 208 231 265 338 507

Table 5 Verification of Eq. 18 in the form of dependence (25) for
Ni?"-DEN system

Ckno; M 0.075 0.10 0.15 0.20
D i
TSN 0.287 0.212 0.140 0.107
Yip, M™! 4.94 6.16 7.52 10.65
xx10°, M 2.10 3.58 7.17 12.78




(Yi) ' =1.87 x 107* + 0.40[DEN], R>=0.999 (41)
and from Table 5:
Yin = 4.0245.15 x 10°x  R*> =0.992 (42)

shows the applicability of Eq. 18. From Egs. 18 and 41,
we have obtained the Langmuir’s parameter o= (0.40/
1.87x10™ % =2.1x10° M,

Utilizing Eqs. 18 and 42 we find:

(ky)KpEn [ 2)0°
4.02 = 1.363—n 2t~ (— 4
0 3631+w[DEN]S (D) (43)
(kﬁ)NO’KDEN(ﬁl)NO’ £\ 03

5.15-10% = 1.363 : > (= 44
1 + o[DEN]; (D) (44)
From Eqgs. 43 and 44 using o=2.1x10>° M~
Cpen =[DEN],=5.0x10"° M, t=35s and

2 -1

D=6.0x10"% cm” s ,(/311)
(ki )Kpen =4.3x107° M~
1.4 M~ s~ 'em, respectively.

_ = 0.4, we have determined
57! cm and (k) no-KDEN =

Nicotine

The catalytic prewave with heterogeneous nature in the
Ni?"-NC system was discovered by Tur’yan et al. [12,
29, 49] at pH=2.5-5.5 in the 0.5 M NaClO, supporting
electrolyte, E ("I, ) = —0.8 V. The acid constant dis-
sociation of NC pK,=3.37 (I=0.5) was found by
potentiometric titration [50] for protonated nitrogen in
pyridine ring and pK,=8.07 (/=0.5) for protonated
nitrogen in pyrrolidine ring. Hence it follows that in the
investigation of catalytic prewave pH range (pH=2.5—
5.5) [7, 12, 29, 49], NC is remained protonated on
nitrogen in pyrrolidine ring (NCH ). At pH <4, pro-
tonation of nitrogen in pyridine ring is observed
(NCH3") and S I is decreased with the pH decrease
[29].

The stability constant of the Ni(NCH ") complex
(B)nen+ = 50(I=0.5) was determined by potentio-
metric titration [5S0] and close value (f))ycy+ =
51(I = 0.5) was found from catalytic prewave [12]. We
used (S )nep+ = 50 in further calculations.

For the verification of Eq. 18, we have used the ki-
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Table 6 Verification of Eq. 18 in the form of dependence (23) for
Ni2*-NCH system

Crien X104, M 050  1.00 200 500  10.0
INCH' <10, M 036  .070 143  3.63 7.8
(Yn) ' x 104, M 1,52 234 356 770 14.60

electrolyte 0.1 M KNO;, pH=5.0, Cpy=1.0x10"> M,
E(XI5.) = —0.9V(SCE).

Since the condition Cyj; >Cncy is fulfilled and some
formation of NCH3" (pH=5.0) takes place, Eqs. 20
and 21 were used for [NCH ™" ] calculation (Table 6).

Linear dependence (Y;,)~ ' versus [NC], (NCH™ ],
corresponding to Table 6 is described by the following
equation:

(Yn) ' =9.10 x 107° + 1.88[NCH*], R*=0.999  (45)

this proves the Eq. 18. Hence Langmuir’s parameter
w=(1.88/9.10x107°)=2.1x10* M~ was found.

In work [7], there are data about the influence of the
double electric layer (changing of the supporting elec-
trolyte concentration in the range 0.05-0.2 M KNOj3) on
the kinetics process. However, the correct use of Eq. 18
for analysis of this effect is complicated by the high Ni>*
concentration (1.0x1072 M) and, perhaps, its influence
on Y potential. In the case that was carried out by us w
determination of Cy; was also high, but the concentra-
tions of Cy; and of the supporting electrolyte were
constant and /o was kept constant also and these con-
ditions made possible the correct @ determination.

Discussion

An idea of the Langmuir’s isotherm use in the kinetic
equation of the catalytic current (Ni? " -Py and Ni* " -NC
systems) belongs to Mata et al. [6, 7].

This idea found the confirmation and evolution in
this work (Table 7) for systems: Ni*"-NA-AcO~, Ni*"-
NA-HPO” ,, Ni*"-DEN and Ni*"-NC on the basis of
more correct kinetic Eqs. (17, 18). System Ni’>"-Py was
not analyzed because of NiPy>" precipitation in the
heterogeneous catalytic reactions [10]which complicates
the kinetic equation:

netic data from Fig. la [7] performing corresponding a+ b[Py]

calculations (Table 6) for conditions: DC tast pol - Ya(Yn) =5 (46)
: polarog aviti 1+ w[Py}

raphy (instantaneous currents), 7=3.5s, supporting s

Table 7 Langmuir’s parameters o determined from catalytic currents

L Electrolyte PH 1 CnimM CpomM —E, V(SCE) oM ™!

NA*? 0.164 M NaOAc+3.6x1072 M HOAc 5.3 0.16 0.5 0.25-20 0.90 6.1x10>

NA®? 5.76x1072 M K,HPO 4, +2.12x1072 M KH,PO,, + 2.12x1072M KCL 7.2 0.22 0.5 0.25-20 0.90 4.5x102

DEN® 0.1 M KNOs 7.0 0.1 0.075  0.5-80 095 2.1x10°

NCH™ 0.1 M KNO; 50 0.1 10 0.05-1.0 0.90 2.1x10*

Catalytic currents: “from [27];
®n this work;
¢ from [7].
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This complication was not taken into account in
work [6].

We found that the Langmuir’s parameter o (Table 7)
increased in direction NA — DEN — NCH *. Proba-
bly, there is correlation with the increase of the
adsorption in the same direction [51].

Knobloch [15] obtained w=3.8x10> M~' for di-
hydroamide of nicotinic acid also by the indirect method
of hydrogen catalytic current. Dihydroamide of nico-
tinic acid is product of electroreduction of NA and the w
value is close to w value for NA (Table 7).

Some difference in » for NCH" (w=1.6x10* M™!
[7]) and in this work (w=2.1x10* M~!; Table 7) were
probably caused by more correct kinetic equation uti-
lized in this work (see Theoretical part).

Though for NCH" Langmuir’s isotherm had place
even at very low Cncn (Table 7), in work [51] applying
of Henry’s isotherm at Cricpy < 3.0x1072 M in NaClO,
supporting electrolyte has been shown. In the first case
Ni*" presented in substantial excess (Table 7) but in
work [51] Ni** was absent.. The reason of Henry’s
isotherm to Langmuir’s isotherm convert can be ex-
plained by the adsorption of Ni(NCH)** complex. The
influence of the adsorption of Ni** complexes in Ni*" -
NA-cO™ system on the catalytic current has been noted
in Nicotinamide section. We intend to the usual
adsorption of electro-inactive complexes unlike ligand-
induced complexes adsorption that was noted by Anson
and Barclay [52]. Electrocatalytic current [2] is associ-
ated with the latter.

It is possible to note the difference in the adsorbed
behavior of NCH" in KNOj; (Table 7) and in NaClO4
supporting electrolyte [51] caused by formation in Na-
Cl0, associated species NCH *-ClO,~ [53].

If NCH" species dominate in KNOj; solution, the
appreciable increase of @ for NCH ™ (Table 7) may be
explained by the ), effect that is included in w parameter
as multiplier for charged positive NCH™ species:
exp (Vo ).

Kinetic parameters for parallel heterogeneous cata-
lytic reactions la and b at /=0, found by us, are pre-
sented in Table 8.

The comparison of k" Ky, for: Ni?" -NA-AcO™,
and Ni*"-NA-HPO °~, systems (Table 8) allows us to
make the conclusion that k”}, increase with the increase
of complex (NiX>~P) stability constant (B1)xe-- It is in
relation the with kinetics of homogeneous reactions and
was explained by Funahashe and Tanaka [54] by the

Table 8 Kinetic parameters of catalytic parallel heterogeneous reduction in Ni?™*

electrons’ donation that increases with the increasing of
complex Ni X>7P stability. This effect of X~ ligand
facilitates the replacement of the remaining water mol-
ecules on the ligand-catalyst L,4s. This influence is not
substantial for both homogeneous [54] and heteroge-
neous (Table 8) processes. However, this influence of
XP~ and an additional effect of the field electrode (also
through the XP7) causes considerable increase of k™, as
compared with k', (k”,/k’n)=(1.1-3.9)x10° (Table 8).

The analysis that was performed influence the X*~ on
the k", value (k”,>>k’;,) bases as accepted above.

(Theoretical part) the choice from two alternative
heterogeneous catalytic reactions [13]: the reaction of the
ligand exchange:

Ni(X)* ™ + Lags — Ni(Lyas)®" + X7~ (47)
and the reaction of the mixed complex formation:
Ni(X)* ™ + Lags — Ni(X)(Lags)* (48)

on behalf of the reaction 48 (scheme 1). Note the
proximity of the rate constants k; and k, obtained [10]
for the heterogeneous catalytic reactions:

Ni2+ + PYads g l\li(Pyads)zJr (49)

. k .
Nle2+ + PYads _]> I\IIPY(PYads)z+ (50)

was caused by the high k; value because of the parallel
reaction with NiNOj5 participation which was not taken
into account in the kinetic calculations [10].

For the appreciation of the contribution of the het-
erogeneous catalytic reactions la and b (scheme 1) in the
summary catalytic current, for average catalytic currents
from Eq. 17, we have found:

jc
i) g S— %
Z lim 1+ (kh/kh)(ﬂl)xp* Cxr- exp (‘//0 %)

(51)
and
( llm) % =100 — ( hm) %o (52)

For instantanecous current, the substitution in Eq. 18
of the 0.946 power for 1.0 allows (with some approxi-
mation) to use the same Eqs. 51 and 52. Results of
(Ien) 1, ), and  (If),, (If),, in % represented in
Table 9

—L-X?"systems determined from catalytic currents

_ _ _ — — k. _
L XP pH I BOM (B M Ky Kx10P M 'sTlem K7, KEM T s em i 1072
Py NO;~ 65 00505  99+5 04 1.7 0.56 3.3
NA  AcO- 53 010016 31 7.4-10 3.8 0.43 1.1
NA HPO;” 72 022 43 104 3.8 1.5 3.9
DEN  NOj 70 007502 50 04 43 1.4 32

For other details see Table 7
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Table 9 Contribution (%) of the heterogeneous catalytic reactions la and b to the summary catalytic current

L Xr- Cxr-M (B)xr- Ck+(Cnas) M)  —E (V) (SCE) — o (mV) (%) x 1072 (I6.),,(%)  (I6n),, (%)
Py NO;~ 0.1 0.4 0.1 0.90 78.0 3.3 61 39
NA  AcO~ 0.164 7.4 0.164 0.90 72.0 1.1 11 89
NA  HPO/~ 5.76x107% 104 0.16 0.90 72.0 3.9 10 90
DEN NO;~ 0.1 0.4 0.1 0.95 85.7 3.2 69° 31°

For other details see Tables 7 and 8
“The instantaneous currents

Table 9 shows that for indicated catalytic systems the

contribution of both heterogeneous catalytic reactions
la and b (scheme 1) to the summary catalytic current is
essential. In spite of k”j>k";the contribution of reaction
la achieves more than 60% (Py, DEN) due to the v
potential influence.

At equal charge of NiNO3 and Ni(AcO) ™", the con-

tribution of reaction 1b increases with the increase of the
complex stability constant (Py and NA or DEN and NA).

Conclusions

. The theory of the polarographic average and

instantaneous catalytic currents that cause parallel
heterogeneous catalytic reactions has been developed.
It was shown that catalytic currents considered in the
literature for systems Ni* "—L—XP~ where L: Py, NA,
NC and XP~: NO3, AcO~, HPO;  and obtained in
this work for L: DEN and X?~: NOs3 are described by
the concept of the parallel heterogeneous catalytic
reactions: Ni>* + Lygs —* NiPy(Py,q,)>" and NiX>”
+Lads —k Ni(X)(LadS)zip'

The obtained kinetic equations have confirmed the
application of the Langmuir’s adsorbed isotherm for
the description of adsorbed equilibrium L« /L,4 and
allowed us to determine the Langmuir’s parameter o
and kinetic parameters: k, K; and ky, K; where Kj is
Henry’s constant.

Langmuir’s parameter o was determined increased to
the direction NA — DEN — NC. The o value for
NA is close to found in the literature on the basis of
the hydrogen catalytic current in the presence of NA.
For NA kn(HPO3 ) >kn(AcO™), which correlates
with the change of the complex stability constants
(ﬁ1>HPO§’ > (Bi)aco-- It corresponds to other
homogeneous reactions considered in the literature.
We found that the correlation ki, >k (kn/kyn)=(1.1-
3.9)x10? can be explained by the influence of the field
electrode through XP~ in addition to the usual influ-
ence of X P~ associated with the complex stability.
The effect of X*~ on the heterogeneous rate constant
ky, allowed us to choose from two alternative reac-
tions: the ligand exchange reaction: Ni X* P +
Lags = Ni(L)24s+XP~ and reaction of the mixed com
plex formation: NiX*™P + L,4s = Ni(X) (L)2gF, the
latter reaction is more probable.

8.

The kinetic equations allowed to estimate the con-
tribution of the every parallel heterogeneous catalytic
reaction to the summary catalytic current. Despite
the fact that ky,>>k;, the contribution of reaction la
achieves more than 60% (Py, DEN) due to the
potential influence.
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