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The disproportionation mechanism
O 5 R
2R 5 0+Z

in which both reactions take place in the bulk phase has been solved by means
of an analogue computer. The first reaction can proceed as a chemical
pseudomonomolecular redox reaction (excess of agent) or as an electrolytic
first order reaction (at constant potential). The time profiles of the concentra-
tions of all reaction components have been obtained. Several methods for the
determination of rate constants by means of the working curves obtained by an
analogue computer are proposed. The coulometric reduction of uranyl ions and
the coulometric oxidation of chlorpromazine are given as examples of the
application of the methods proposed for the study of the disproportionation
kinetics.

Bbu10 OCyLiecTBIEHO aHANOroBO€ pelIeHHe MeXaHW3Ma AHMCHPOMOPLMOHH-
poBaHust

P

O - R
2R 5 0+Z

npu KOTOpOM 06€ peakLMH NPOTEKAIOT BO BceM 00beMe pacTBopa. [Iepsas u3
peakuui MOXET NMPOTEKaTh B BHAE XMMHMYECKOMH, NCEBIOMOHOMOJIEKYISPHOMH
OKHCIIMTENbHO-BOCCTAHOBUTEILHOM peakLUHu (M36bITOK peareHTa) UM Xe Kak
3JIEKTPOJIMTHYECKas peakuus 1-ro mopsaka (Mpu NOCTOAHHOM MOTEHUMANe).
Bty mony4eHbl BpeMeHHble NMPOGUIM KOHUEHTpaUMid BCEX Y4acTBYHOLMX
B peaKkUHH COCTaBNsAIOIKX. Bbl1o mpeanoxeHo HECKOJIBKO cnoco6oB onpene-
JIEHHSI KOHCTaHT CKOPOCTEH MPH MOMOIUM PaboO4YMX KPHBBIX, MONYYEHHBIX Ha
aHAJIOrOBOM BBLIYHCIIMTEILHOM MalllMHEe. B KadyecTBe MpuMepa UX MPHUMEHEHHS
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11 U3y4E€HNUA KHHETHUKH NUCTTPONTOPUHUOHHPOBAHHUSA MPUBOANTCA KYJIOHOMETPH-
4Y€CKOE€ BOCCTAaHOBJIECHHE YpPaHHJIa H KYJIOHOMETPHYECKOE OKHCIIEHHE XJIOPIIPO-
Ma3HHa.

One of the principal applications of computers (analogue as well as digital) in
chemistry is their use for simulation of chemical processes [1, 2] (a comparison of
digital and analogue computers in chemistry is presented in [3]).

This paper is concerned with the study of the disproportionation mechanism

P

o, 5 R (1)
2R 5 0+Z (2)

This mechanism was thoroughly studied and theoretical relationships were derived
almost for all voltamperometric methods in the use of which reaction (1) took
place on the working electrode with the rate constant p and the product of
electrode reaction R underwent proper disproportionation reaction (2). After the
disproportionation mechanism had been solved by Orlemann and Kern [4] and
Koutecky and Koryta [5] for polarography, the solutions were also obtained for
single [6], current reversal [7], and cyclic [8] chronopotentiometry, single [9, 10]
and ‘“double-step” chronoamperometry [11], chronocoulometry [10],
“linear-sweep”’ [12, 13] and cyclic voltammetry with symmetrical [14] and asym-
metrical potential scan [15], “thin-layer” voltammetry [16], voltammetry with
rotating electrode [17, 18], and A.-C. polarography [19]. As for coulometric
methods, the solution was presented only for constant-current coulometry {20, 21].
Though the mechanism described by eqns (1) and (2) was also observed in
controlled-potential coulometry, it has not been solved yet. The solution of this
mechanism is the aim of this paper.

In contrast to voltamperometric methods, in coulometry reactions (1) and (2)
take place in the bulk phase of solution. The formalism stated for coulometry is,
therefore, identical with the formalism valid for the mechanism in which reaction
(1) is a chemical first-order redox reaction.

Theory
Formulation of problem

If the reaction mechanism according to (1) and (2) is operating in the whole
volume of solution, it may be described by a system of ordinary non-linear
differential equations (in contrast to voltamperometric methods in which partial
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differential equations have to be used — their analogue solution is not preferable
when compared with numerical calculation)

%=—pc.+0.5kc§ 3)
de
d
f =pc, —kc3 4)
des _ 2
ar s 0.5 kc3 (5)
The initial conditions are:
t=0: c,(0)=cf, c,(0)=c5(0)=0 6)

where c,, c,, and c; are concentrations of species O, R, and Z, respectively, ¢ is
time, and p and k are the rate constants of reactions (1) and (2), respectively.
Introducing relative concentrations (referred to the initial concentration of the
starting substance)

s\
c

C C
yn=c—(}, Y2="%5, y3=c—§ (7)

the value of which is in the interval (0,1) it is possible to transform eqns (3—5)
into more advantageous dimensionless form

. d

$r="g'= =Py +05ke? y} (8)
(3 d 2 0 .2
y2=d_t=P,Vl_kCIY2 9)
s _dys_ 0.2
yi= t—O.S-kclyz (10)

The introduction of dimensionless variables enables us to obtain the time depen-
dence of c¢,/c{ from the solution of eqns (8—11) and, moreover, if the kinetics are
experimentally investigated by controlled-potential coulometry, we can also obtain
the time dependence of the relative value of electrolytic current i,/i, because it
holds [22]

=4 (12)

t
lo

f\lh
~ol=

where i, is the instantaneous and i, the initial electrolytic current.
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Analogue calculation

The analogue calculations were carried out on an analogue computer MEDA 40
AT (Aritma, Prague). The graphical record of the investigated functions was
performed on an X—Y recorder BAK 4T (Aritma, Prague). The time axis of the
recorder was controlled by the time base of the analogue computer. The general
block diagram drawn in Fig. 1 belongs to eqns (8—11).

In order to solve the given system of differential equations by means of an
analogue computer, it was necessary to make an amplitude normalization of all
dependent variables and their aderivatives lest the range +1 MU should be
exceeded at the output of a calculation unit (1 machine unit of a computer
MEDA 40 AT is 10 V). Fig. 2 shows a detailed program diagram in which the
amplitude normalization is respected. The fractions ahead of the symbols of
integrators mean the gain of integrator 1/RC which can be achieved by
a convenient ratio of the feedback- and input-résistance values of the integrator.
According to the diagram presented in Fig. 2 the kinetics of disproportionation
were solved for the value p =0.1s™' and various values of the “rate constant”
K =c{ k ranging from 0.005 to 1.0 s™'. A general validity of the results obtained
was ensured by introducing a dimensionless kinetic parameter

_cik_K
PP

and a dimensionless time variable pt=1t. Thus the results of the solution of
disproportionation (time dependence of concentrations) are independent of the
value of the rate constant p.

'Y
% - -py

x (13)

%

=Y, Y2 C Y2
,——E x K
%
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L

Fig. 1. Block diagram of the analogue solution for disproportionation of the product of a primary
first-order reaction.
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Fig. 2. Detailed analogue computer circuit diagram.

Experimental
Chemicals

All chemicals used were anal. grade preparations. Uranyl nitrate was prepared from
a solution of 0.49 M-NaClO, and 0.01 M-HCIO,. The UQ?* solution was standardized by
potentiometric dichromate titration of the U(IV) which was formed by previous reduction of
the solution with SnCl, according to the method described by Main [23]. Before coulometric
experiments the UOZ* solutions were carefully bubbled through with humidified nitrogen
deoxygenated by passing through a solution of Cr(II) salt in the presence of zinc amalgame.

Apparatus

The coulometric measurements were performed by means of Universal Coulometric
Analyzer OH-404 (Radelkis, Budapest). The time dependence of the electrolytic current
was recorded on an X—Y recorder BAK 4T (Aritma, Prague) as the voltage drop on
a calibrated 100-ohm resistor. The internal time base of the recorder served for the time
measurement. The time axis and the potential axis of the recorder as well as the integrator of
the analyzer OH-404 were calibrated separately.

The coulometric vessel was of cylindrical shape with two symmetrically placed compart-
ments of auxiliary carbon electrodes which were separated from the working compartment
by medium frits filled with agar gel. The auxiliary compartments contained an electrolyte
consisting of 0.49 M-NaClO,, 0.01 M-HCIO,, and 0.1 M hydrazine sulfate. The mercury
bottom to which the end of a teflon stirrer reached (the free surface of the Hg electrode was
17.9 cm?) was used as a working electrode. The teflon stirrer equipped with a wide thread
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reached into the vessel through a teflon head with holes for standard ground joints.
A saturated calomel electrode connected with the investigated solution by means of a salt
bridge was used as a reference electrode. The tip of the salt bridge was situated close to the
surface of the working electrode on the spot where the highest current density was expected
[24].

Before the reduction of the UOZ* ions the deoxygenated base electrolyte solution (40 ml
HCIO,—NaClO,, I =0.5 M) was pre-electrolyzed at the same potential as it was in sample
electrolysis (-035V against SCE). The whole coulometric vessel was dipped into
a thermostatic bath. All kinetic data given refer to the temperature 25°C.

Results and discussion

Time dependence of reaction components at different values
of the kinetic parameter

The analogue solution gave the time profiles of relative concentrations of all the
three reaction components for 20 different values of the parameter ». Some of
them are presented in Figs. 3—5. Evidently, the concentration of the starting
substance always decreases with time (Fig. 3) and the concentration of the final
product increases monotonously (at the beginning of the reaction a certain
induction period appears) exhibiting a point of inflection (Fig. 5). The concentra-
tion of intermediate increases initially, reaches a maximum and decreases after-
wards (Fig. 4). These relationships are qualitatively similar to the concentration

05
c,lcd
0.4

0.3
02
01
0

0 10 T 20

Fig. 3. Time profile of the concentration of the Fig. 4. Time profile of the concentration of the

starting substance. intermediate.
The values of the kinetic parameter » are writ- The values of x are written at the curves.

ten at the curves.
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profiles of the reaction components in a two-step consecutive reaction of the type
A—B—C (see [25]). .

The accuracy of the values obtained by analogue solution may be easily checked
by calculating the values of relative concentrations at any convenient time. As
a matter of fact, the following equation follows from material balance '

ot st =1 (14)

In this way, it could be ascertained that the inaccuracy of the analogue solution
increased with time and for pt =18 it attained +2%—+ 3%, i.e. the calculation
according to eqn (I4) gave the result between 1.02 and 1.03,

Determination of the rate constant of disproportionation

By using the working curves obtained by analogue technique the kinetic
parameter x may be determined from coulometric data by the following methods :

1. By comparing the experimental relationship between i,/i, and pt with the
working curves on the diagram in Fig. 3 and finding out the best fit (the ratio i,/i,
expresses the relative concentration of the starting substance, too — eqn (12)). For
the determination of the “‘rate constant” K and for the calibration of the axis of
abscisses in the units of dimensionless time variable pt the rate constant of
electrolysis p must be known. Its value can be found out as the slope of the straight
line section (at higher values of pt the relationship turns upwards) of the In i, vs. ¢
plot, which represents the common method for the determination of the value of p
in c.-p. coulometry [22].

cylc? i

0.5

Fig. 5. Time profile of the concentration of the
final product. 0
The values of x are written at the curves.
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2. By means of the diagram presented in Fig. 6 where the values of relative
electrolytic current at different dimensionless time pt are plotted as a function of x.
Besides the direct determination of the x value, Fig. 6 also allows to estimate how
the course of electrolytic current depends on the kinetic parameter x. It is obvious
that the current changes very little with the value of x at low values of pt. The
influence of disproportionation manifests itself significantly only when p¢=2.3. In
the absence of disproportionation (x =0) this period of time corresponds to the
time interval necessary for the electrolysis of 90% of the electroactive substance
because pt =1In [100/(100 — P)] (where P denotes the percentage of electrolysis of
the starting substance).

3. The kinetic parameter » can be also determined by comparing the experimen-
tal plots c¢,/c{ vs. pt or ca/c{ vs. pt with the working curves presented in Fig. 4 or
Fig. 5. To follow the time course of the concentration of intermediate or final
product an arbitrary convenient analytical method (e.g. spectrophotometry) may
be used. As the working curves presented in Figs. 3—5 were obtained on the
assumption that the reaction mechanism described in terms of eqns (1) and (2)
took place in the bulk phase of the solution, the first-order reaction (1) need not
(but can) take place on electrode, but may proceed as an homogeneous redox
reaction. The rate constant p of reaction (1) can be determined from the initial
course of the plot In [c,/c{] vs. t if the concentration of the starting substance is
estimated by a convenient analytical method or from the course of electrolytic
current, as described in point 1.

itlig
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Fig. 6. Dependence of the relative electrolytic current on x for different values of pt (written at the
curves).
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The time dependence of the intermediate changes with the value of x most
markedly (the height of maximum and its position) and for this reason the
determination of » on the basis of the concentration of intermedidate may be
considered to be the most accurate. l

All the above methods for the determination of rate constants may be used even
if the redox reaction (1) preceding disproportionation of the reaction product is
oxidation.

Example of the determination of the rate constant K — disproportionation of the
radical formed by oxidation of chlorpromazine

One-electron oxidation of the phenothiazine derivatives, which are important
medicaments, gives rise to the radical identified by the e.s.r. method [26]. The
coulometric investigation of the oxidation of chlorpromazine [27] showed
a non-linear fall in the logarithm of electrolytic current with time, which indicated
a complication in the electrode process by chemical reaction. On the basis of the
course of electrolytic current found for oxidation in 1 N-H,SO, which was
presented in [27] we tried to confirm the disproportionation of the radical by the

it/ig

05

0 1000 t, s

Fig. 8. Logarithm of the electrolytic current as
a function of time for the reduction of 6 x 10~*
M-UO3* in a HCIO,—NaClO, solution (I =

Fig. 7. Relative current as a function of time for
the coulometric oxidation of chlorpromazine in
1 N-H,SO, at + 1.0 V against SCE on a Pt-elec-
trode.
Points — experimental values [27]; full lines
— theoretical course (the values of x are written
at the curves).

Chem. zvesti 31 (2) 153-164 (1977)

=0.5 M) on a mercury macroelectrode.
Concentration of the H* ions: [H*] =
=1.48x 107> M; potential —0.35V against
SCE; speed of the stirrer 1000 r.p.m.
Points - experimental values; full line
— theoretical course for x=0.5; broken line
— theoretical course for x =0.
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method of c.-p. coulometry and evaluate the rate constant of the disproportiona-
tion by means of the working curves (Fig. 3 or Fig. 6) according to the above-men-
tioned methods.

We determined the rate constant of electrolysis p directly from the slope of the
graph log i vs. t. Then we transformed the values of electrolytic current and time
into the coordinates i,/i, and pt (Fig. 7). The experimental points are in good
agreement with the theoretical working curve (Fig. 7).

Table 1 gives the results of the determination of K by the second method, i.e. by
means of the working curves corresponding to the graph i/i, vs. » for different
values of pr. The average value of x is in full agreement with the value of »
determined by the first method. By using the value of x» thus obtained and
p=6.42x107"s7" it was calculated according to eqn (13) that K=4.1x107>s™"
for the reaction in 1 N-H,SO..

The good agreement of the experimentally found time dependence of electrolytic
current with the working curve calculated for the disproportionation mechanism
suggests the following pathway for the oxidation of chlorpromazine under
coulometric conditions

(CH,) 3=NI(CHg),

1
N

@[ :@'Cl - & —P o R (14)
s

N N
2R @ )@'Cl ) @( J@- 5w !
2
S S
]
0
Table 1

Determination of the kinetic parameter x for disproportionation of the radical formed by oxidation of
chlorpromazine

pt i/ip X
2.1 0.212 0.68
2.4 0.187 0.62
2.7 0.168 0.62
3.0 0.153 0.63
4.5 0.103 0.70
Average 0.65
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Disproportionation of U(V) formed by the reduction
of uranyl on a mercury electrode

The reduction of the uranyl cation was used as a model.almost in all electrochem-
ical methods [28, 29] to demonstrate the disproportionation mechanism (U(V)
undergoes disproportionation to give U(IV) and uranyl). Fig. 8 represents the time
dependence of the logarithm of electrolytic current which was observed in the
coulometric reduction of UO3" in slightly acidic solution. The initial values of this
relationship were used for the determination of the rate constant of electrolysis
p=2.51%x10"?s"" and the analogous relationship in Fig. 7 served for the determi-
nation of the kinetic parameter x. By using eqn (13) at a known initial concentra-
tion the rate constant of the disproportionation k..=1.91 mol™'1s™' was calcu-
lated (by means of the working curves as in Fig. 3 or Fig. 6).

According to the mechanism originally proposed by Kern and Orlemann [30]
a protonation equilibrium precedes the disproportionation and the observed rate
constant depends linearly on concentration of the H™ ions. By dividing the
observed constant k., by the real concentration of the H* ions in solution a rate
constant k =129 mol~?> I’ s™' independent of pH was obtained. The value of this
constant is in relatively good agreement with the results obtained under similar
conditions polarographically by Koryta and Koutecky [31] or with the results of
kinetic measurements obtained by Duke and Pinkerton [32] who ascertained that
kows/[H*]=117 mol™? I’ s7" in 0.5 M-NaClO,—HCIO,. A comparison with the data
published in [33] gives a still better agreement. Here the results of different authors
are plotted in the coordinates log k vs. I'”>. The value of k=126 mol™* I*s™"
corresponds to the ionic strength of I =0.5 M in perchlorate solution.

The detailed studies [28, 29] have shown that the mechanism of the dispropor-
tionation of uranyl depends on the pH interval in which the reaction sequence is
investigated, on ionic strength, character of anion as well as the concentration of
uranyl while alternative reactions may be operative: ECE mechanism [28] or
formation of a binuclear complex U,O3* [34]. A more detailed study of dispropor-
tionation of U(V) by the use of c.-p. coulometry in slightly acidic medium will be
the topic of our next paper [35].
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