25, G. A. Abakumov and V. D. Tikhonov, "Reactions of stable 2,2,6,6-tetramethyl-4-piperidon-—
l-oxyl radical with acids,”" Izv. Akad. Nauk SSSR, Ser. Khim., 1969, No. 4, 796-801.

REDOX INTERACTION OF CERIUM(III) AND CERIUM (IV), OR
MANGANESE (II) AND MANGANESE(III) IONS WITH BROMATE AND
MALONIC AND BROMOMALONIC ACIDS

L. P. Tikhonova and A, S. Kovalenko UDC 543.420.257.1

Reactions of oxidation of malonic acid by the bromate ion, catalyzed by cerium or man-
ganese ions, in sulfuric acid solutions are accompanied by concentration oscillations of
the redox forms of the ions of the catalysts and certain intermddiates (oscillating chemical
reactions (ocr) of Belousovand Zhabotinykii [1]). It isbelieved that the mechanism of the action
of these catalysts in an oscillating reaction is the same or close, on the basis of the fact
that the reactions of oxidation of cerium(III) and manganese(II) ions by the bromate ion
have close kinetic parameters [2]. However, the differences between the concentration de-
pendences of the parameters of the oscillations, as well as between the regions of existence
of concentration oscillations for reactions with each of these catalysts, are evidence that
during an oscillating reaction they act differently [3]. The causes of these differences
may be different states of the ions of the catalysts in sulfuric acid solution and a differ-
ence in the mechanism and rate of the oxidation of reduced forms of the catalyst by bromate
ions and the reduction of their oxidized forms by malonic acid.

Tt is difficult to use the information available in the literature on the mechanism and
rate of these reactions to calculate the rate of interaction of ions of the catalyst with
the bromate ion and malonic acid, since in an oscillating reaction the concentrations of the
catalyst are significantly (2-5 orders of magnitude) lower than the concentrations of the
main components — bromate ions and malonic acid. The present work is devoted to a compara-
tive investigation of the rate of interaction of cerium (III)and cerium(IV) or manga-
nese(II) and manganese(III) ions with an excess of bromate ions, malonic and bromomalonic
acids, and the mutual influence of these compounds on the reaction rate.

Measurements of the rates were performed by a spectrophotometric method in solutions of
sulfuric acid with a concentration of 1.5 M. The rates of reactions with the participation
of manganese ions were measured according to the change in the manganese(III) concentration
on a Specol spectrometer at the maximum of the absorption band of manganese(III) ions (480
nm). The rates of reactions in which cerium ions participated were measured according to
the change in the cerium(IV) concentration on a Specord UV Vis spectrophotometer in the re-
gion of the absorption band of cerium(IV) ions, 320 nm. Measurements of the rates were per-—
formed by intensive mixing of the reaction mixture and thermostatic control (298 % 0.1 K).

The solutions of the reagents, with the exception of the solution of manganese(ILI),
were prepared according to exact weighed samples of cp grade or analytical grade reagents,
followed by dilution with a 1.5 M sulfuric acid solution in distilled water. The concentra-
tion of the initial solutions of manganese(III) and cerium(IV) were additionally determined
by titration with an iron(II) salt [4]. A solution of manganese(II1) was prepared in 5 M
sulfuric acid in the presence of manganese(II) (in a 1l:4 ratio) according to the well-known
procedure [5]. The maximum of the absorption band and the molar extinction coefficient of
manganese (III) ions are: in 5 M sulfuric acid Aygx = 505 nm, € = 110; in 1.5 M sulfuric
acid Amax = 480 nm, £ = 79 (293 K), which is close to the values cited in [6]. A solution
of manganese(III) in 1.5/M sulfuric acid was obtained from the initial solution in 5 M sul-
furic acid by diluting it with the required amount of ice, cooling the reaction mixture to

L. V. Pisarzhevskii Institute of Physical Chemistry, Academy of Sciences of the Ukrain-
ian SSR, Kiev. Translated from Teoreticheskaya i Eksperimental'naya Khimiya, Vol. 19, No.
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Fig. 1. Kinetic curves of the consumption of manganese(III) iong in so-
lutions: 1) Mn(III)—0.00024, CH,(COOH), — 0.15 M3 2) in the same solu=~
tion in the presence of 0.0025 M manganese(II) ions; 3) in sclution 2

at the temperature 284 K. The arrows denote moments of addition of a
solution of CH,(COOHj,.

Fig. 2. Kinetic curves of the accumulation of cerium(IV) ioms: 1) in
a solution of Ce(III) — 0.00053, BrOs;~ — 0.05 M; 2) in a solution of
Ce(ITIY — 0.00053, BrOsz~ = 0.05, CH,(COOH}, — 0.15 M; 3) in solution 2
40 min after mixing of the reagents. The arrows denate the moments of
addition of the sodium bromate solution.

TABLE 1. Rates of Reduction of Cerium(IV) and Man-
ganese(II) Ions by Bromate Acid ([CH.(COOHY¥.] = 0.15

M)
Reduction of Ce(IV) ions Reduction of Mn(II1} ions
Cc(g(IV) or :
. 11
Mu(Ih Ccertn, |V, moles/liter, |  CMulily |V, moles/liter-
M* sec - M* sec
1,2-10~* — 3,6-107° — 8,0«10—:
1,6-107* — 6,1-108 — 1,2.10—
2,4-10~4 — 1,0.1075 — 2,0.1075
3,2-10~* — 1,4.107° — 3,1.1078
3,6-10~* — 1,7-1078 — 3,3.10°
4,810 — 2,4.1075 — 4,6.10™5
3,2.10~* 3,1.10—8 1,1.10-8 2,5.10~3 4,5.107%

*The addition was performed before the beginning of
the reaction.

270 K. It should be noted that during subsequent heating of the solution of manganese(IIL}
in 1.5 M sulfuric acid obtained from 270 to 293 K, its molar extinction coefficient changed
abruptly from 76 to 79, when the temperature 292 K was reached., At the temperature 298 X
the solution of manganese(III) in 1.5 M of sulfuric acid obtained was preserved without ap-
preciable decomposition for 10-15 min.

A solution of bromomalonic acid was produced by bromination of malonic acid in solution
in the presence of sodium bromide, to which the calculated amount of sodium bromate solution
was slowly added with cooling. To obtain 1 M bromomalonic acid, we took solutions of 1.0 M
malonic acid, 2.3 M sodium bromide, and added a solution of 1.3 M sodium bromate. The solu-
tion of bromomalonic acid obtained (0.95 M) was used in several experiments after prepara-
tion. The rate of reduction of cerium(IV) by bromomalonic acid, produced by this method,
was the same as in the case of bromomalonic acid produced by bromination of an ether solu-
tion of malonic acid with free bromine [7].

The values of the rate of reduction of cerium(IV) and manganese (II1) ions by malonic
acid, as well as the values of the rates of these reactions in the presence of reduced forms
of oxidizing agents, are cited in Table 1. The rate of reduction was determined according
to the slope of the original linear portion of the kinetic curve, in the process of which .
approximately 20-30% of the colored compound — cerium(IV) or manganese(III) Ions by ~ was
consumed. As can be seen from Table 1, the reduction of cerium(IV) ions proceeds half asrapidly as



TABLE 2. Rates of the Reduction of Cerium(IV) and Manganese-
(III) Ions by Bromomalonic Acid ([BMA] = 0.05 M)*

Reactions with participation Reactions with participation
[Cet+1-10¢ of cerium (IV) ions of manganese (I11) ions
or [Mn3+1-104

Supplementary (alCet+y/an.100, | Supplementary {(armnd+y/an-10s,

reagents, M moles /liter - sec | reagents, M moles /liter - sec
1,6 - 1,7 — 1,0
3,2 - 3,4 - 2,0
4,8 — 5,2 — 3,0
6,4 — 6,4 - 4,6
3,2 fBMA] 0,05 4,8 [BMA] 0,05 2,2
3,2 [BMA] 0,15 8,9 BMA] 0,15 3,4
3,2 ﬁ 0,15 19,7 [MA]" 0,15 4,0
3,2 [Ce +] 0,0003 3,2 [Mn*¥] 0,0005 1,3
3,2 [Ce*t] 0,001 3,1 Mn?t] 0,001 1,4

*BMA) CHBr (COOH)., MA) CH,(COOH),.

TABLE 3. Parameters of the Oxidation of Cerium(III) and Man-
ganese (II) Ions by Bromate

5

Initial concentrations | s ec 10°, Voer 10 -

of reagents, M tinds $ mmles/hter sec |moles/liter- sec "3 ‘”3

‘ - T

|z | 3| 3] 0z %% |3
8 2 |l & | F| £ |E|Fs

++ e © + + <, ] <, % £ &

mw“"; 9 . T “u R oA Z 2 E D g

6= g | © s | = 3 S 3 2 |0 |2
0,0011- [0,006] — |32,0] 7.5 0080 0,11 — — Jo,14 0,11
0,00026 | 0,01 — 9,0 5,5 0,23 0,56 — — 0,58 0,30
0, 00026 0, 01 0,15 45,0 | 16,0 0,038 0,36 — — 0,1310,38
0.00053 (00t | — | 60| 40 | 054 | 097 — | — |1.20(0%69
0,00053 | 0,01 0,15 35,0 | 12,0 0,15 0,84 0,21 0,80 | 0,42 10,72
0,00053 |0 05 — 2,6 2,5 1,9 6,6 — — 1,40 {1,49
0,00053 (0, 05 0,15 11,0 2,5 1,3 7,3 1,0 7,5 1,10 11,98
0001 |0005 | — | 22| 20036 | 86| = | = | = |28
0001 [005 | 0,15 | 96| 20| 34 | 12,0 | 2.5 | 2,0 | — [3.6

that of manganese(III) ions. As is well known [8], cerium(IV) oxidizes malonic acid to
formic acid by one-electron steps, with successive formation of tartaric and glyoxylic acids
and short-lived radicals. At the rate-determining step, the intermediate complex of cerium-
(IV) with malonic acid breaks down, forming solutions of malonic acid:

[Ce (IV) ... CH, (COOH),] == Ce (I11I) 4 "CH (COOH), + HY, (1)

Ce (IV) 4 " CH (COOH), -+ H,0 -> Ce (111) + HCOH (COOH),. (2)
According to the data of [9], cerium(IIl) ions do not affect the reaction rate, but according
to the data of [10], they slow down the reaction, which we also observed (see Table 1). 1In
the presence of excess malonic acid the reaction rate is proportional to the first power of
the concentration of each of the components; the values of the rate constant cited in [8-10]
are in the range of 0.5-1.0. The order of the reaction with respect to the cerium(IV) con-
centration that we found from the data cited in Table 1 is equal to 1.23, which can be ex-
plained by an appreciable contribution of reactions of reduction of cerium(IV) by oxidation
products of malonic acid. The order of the reaction of oxidation of malomic acid by manga-
nese (III) with respect to the manganese(III) concentration, found analogously, is 1.24.

The reduction of manganese(III) ions by malonic acid, according to the available litera-
ture data [11], proceeds by means of rapid formation of a complex

Mn*+ - CH, (COOH), =~ [MnCH, (COO),|" + 2H™, (3)

which reduces the next manganese(III) ion and is converted to an active complex of tetrava-
lent manganese [MnCH,(CO00).]1%*:

[MnCH, (CO0),]* + Mn** 2= [MnCH, (CO0),J*+ + Mn2+, (4)
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The possibility of the formation of an intermediate complex of manganese(IV) permits a two-
electron oxidation of malonic acid without the formation of a radical at the step limiting
the rate of the process,

[MnCH, (COO0),I*" + H;0 - Mn** 3~ CHOH (COOH),. (5)

We established that when a solution of malonic acid is added to a solution of manganese-
(III) with mixing, a decrease in the optical density, corresponding to the decrease in the
concentration of manganese(IIl), is observed after a short (2-3 sec) induction period. In
the presence of manganege(I1) ions the duration of theinduction period increases, and through--
out this time there is an increase in the optical density of the solution (Fig. 1), followed
by a decrease in it at a higher rate than in the absence of additions of manganese(II) iomns.
The increase in the induction pericd may be a consequence of a slowing of reaction (4) by
manganese (II1) ions. On the other hand, an increase in the concentration of manganese{II)
shifts the following equilibrium to the left:

2Mn (I11) 2 Mn (IT) + Mn (IV). ‘ (6)

This should lead to an increase in the rate of reaction (3) and subsequent fast steps of oxi-
dation of tartaric acid to formic acid, which is also manifested in the observed increase in
the rate of reduction of manganese(III). When the temperature of the reaction mixture is
lowered from 293 to 284 K (Fig. 1), the duration of the induction period is substantially
increased, and the value of the optical density remains constant for some time (4-5 sec),
21% higher than the value of the optical density of the initial solution. The increase in
the optical density observed in the first mement after mixing of the reagents may be the re~
sult of the formation of colored complexes, possessing a larger molar extinction coefficient
than manganese(III) ions, in particular, [MnCH, (C00);1T. The complex [MnCH,(C00),]12%t is
rapidly consumed as a result of the complementary reaction (5) and can scarcely be accumu-
lated in appreciable amounts [11].

The rates of the reduction of cerium(IV) and manganese(III) ions by bromomalonic acid
were determined just as in the case of oxidation of malonic acid. From Table 2, which pre~
sents the results obtained, it is evident that the reduction of manganese(II1) ions proceeds
6~7 times as rapidly as that of cerium(IV) ions and slows down somewhat in the presence of
manganese (II) ions. The rate of reduction of cerium(IV) ionms is virtually unchanged when
cerium(III) ions are added. No synergism of the action of malonic and bromomalonic acids is
observed: The resultant rate of reduction both of cerium(IV) ions and of manganese(III) ions
by a mixture of malonic and bromomalonic acids is approximately equal to the sum of the rates
of the reactions with each of these reducing agents individually. The values of the rate of
reduction of manganese(III) ions by bromomalonic and malonic acids are approximately the
same. The reduction of cerium(IV) ions by bromomalonic acid proceeds 1.5 times as slowly as
that by malonic acid.

It is believed that the mechanism of the reduction of cerium(IV) ions by malonic and
bromomalonic acids is close. The mechanism of the reduction of manganese(III) ions by bromo-
malonic acid probably differs from the mechanism of the reduction of manganese(III) ions by
malonic acid,:as is evidenced by the absence of any increase in the optical density of the
gsolutions in the first moment, when the reagents are mixed in the reaction of bromomalonic
acid with manganese(III). Evidently in this reaction a two-electron oxidation of bromomalonic
acid is possible, without the formation of an intermediate complex of the manganese(IV) com-—
pound:

+
MnCHBr (C00),"s. Mn®* & Br~ -+ HCOH (COOH),. S

The absence of a slow step of oxidation of a complex of manganese(IIl) with bromomalonic -
a¢id, analogous to reaction (4), makes the spectrophotometric recording of the complex
{MnCHBr(COO)z]+ impossible.

The oxidation of cerium(III) and manganese(II) ions by an excess of bromate jons, after
an induction period, proceeds with acceleration; then it slows down and equilibrium is estab-
lished between the reduction products of bromate and the metal ions (Fig. 2). The oxidation
of cerium(III) and manganese(II) ions does not go to complétion; the maximum concentration
of the oxidized form of the reducing agent is substantially below its initial concentration.
In the presence of malonic acid, some time after the oxidation &f the catalyst (the induction
period of the oscillating reaction), periodic concentration oscillations begin.
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In an investigation of the oxidation of cerium(III) and manganese(II) ipns by bromate,
the following parameters were determined according to the slope of the linear portion of the
kinetic curve (Fig. 2): the duration of the induction period (tjpg), the maximum (equilib-
rium) concentrations of oxidized forms of the metal ions ([Ce*t]max and [Mn®T]pax), as well
as the maximum rate of their oxidation (Vpax). The rate of oxidation of metal ions by bromate
during an oscillating reaction in the presence of malonic acid (Vy.p) was found analogously.
The values found for the enumerated parameters are cited in Table 3. The influence of malonic
acid on the recordable parameters depends on the value of the initial cerium(III) or magnesi-
um(II) and bromate ion concentrations. For the oxidation of cerium(III) by bromate, the
duration tipng is increased by a factor of 4-6 under the influence of malonic acid (0.15 M),
while Vpax decreases. For the reaction of manganese(II) with bromate at large concentrations
of manganese(II) and bromate ions, the time tinq is unchanged, but Vpux is increased. The
equilibrium concentrations of cerium(IV) ions in the presence of malonic acid are decreased
by a factor of 1.5-4.5, while those of manganese(II1) ions are increased. The values of
Voer for each of the catalysts are approximately the same as Vpyy in the presence of malonic
acid. A comparison of the parameters of the reactions in which these reducing agents par-
ticipate shows that in the presence of malonic acid Vpgx of the cerium(III)—bromate reaction
is 3-6 times lower, while the tjpgq is 3~5 times greater than in the manganese(II)-bromate
reaction.

The values that we found for tipd and Vpax are in good agreement with those cited in ’
[12] for the oxidation of cerium(III) fons by excess bromate and differ from the results ob-
tained in the presence of an excess of the reducing agent [2]. According to the available
literature data, the shape of the kinetic curves of the accumulation of cerium(IV) or manga-
nese(III) ions (Fig. 2) reflects the autocatalytic accumulation of bromeus acid and active
particles that directly oxidize cerium(III) ions, for example, BrO;"' radicals [13], according
to the equation

BrO; -+ Br~ 4 2HT 2> HBrO + HBrO,, (8)
HBrO, + BrOz 4 Ht 2 2Br0, + H,0, (9)
BrO; -+ Ce®t 4+ HT 2= Ce*t + HBrO,. (10)

The induction period of the reaction is believed to be associated with the consumption
of bromide ions up to a critical value permitting step (9) to compete with step (8); increas-
ing the bromide ion concentration above 5¢107° M leads to an inhibition of reaction (9) [13].
In such a case the increase in the induction period of the reaction of cerium(III) with bro-
mate under the influence of malonic acid may be a consequence of a direct (noncatalytic) re-—
duction of bromate by malonic acid, leading to the appearance of a perceptible (62107° M
[14]) steady-state concentration of bromide in solution. The value of Vpgx of the cerium-
(III)—bromate reaction in the presence of malonic acid may also be increased as a result of
an increase in the bromide concentration due to the oxidation of malonic acid by bromate,
followed by a competing reaction of reduction of cerium(IV) by malonic acid. Actually, the
value of the rate of the reaction of cerium(III) with bromate in the presence of malonic
acid is always lower than in its absence (Table 3). However, a comparison of the values of
the rate of the cerium(III)—bromate reaction with the values of the rate of this reaction
in the presence of malonic acid shows that the slowing of the reaction in the presence of
malonic acid (systems 5, 6 and &4, 7, Table 3) is almost entirely (80-90%) the result of the
occurrence of a competing reaction of reduction of cerium(IV) by malonic acid. Consequently,
the bromide ions liberated as a result of the reaction between bromate and malonic acid af-
fect virtually only the duration of the induction period of the oxidation of cerium(III) by
bromate. There is some probability that the decrease in the equilibrium concentration of
[Ce"+]max in the presence of malonic acid is associated with the possibility of rapid con-
sumption of cerium(IV) as a result of its reduction by malonic acid radicals formed in the
oxidation of malonic acid by active bromyl radicals °BrO,.

From the data obtained it also follows that in the absence of malonic acid the cerium-
(III)-bromate reaction is characterized by a somewhat longer induction period and proceeds
1.5-4 times more slowly than the manganese(II)—bromate reaction. In the oxidation of manga-
nese(II) by excess bromate (Table 3), the maximum rates of this reaction are 2-3 times as
high as in the case of cerium(III). The maximum equilibrium concentrations of manganese(III)
ions at bromate concentrations 0.005-0.05 M are half as great as [Ce“Tlpax, which can be
explained by the somewhat higher redox potential of the couple Mn®+/Mn®% than of the couple
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Ce“+/Ce3+, as well as the possibility of consumption of manganese(III) for the reduction of
bromide ions.

In contrast to the oxidation of cerium(III) by bromate, the presence of malonic acid
in the manganese(Il)—bromate reaction leads to an increase in tinpd only at low (0.005-0.01 M)
bromate concentrations; Vmax of this reaction is decreased under the influence of malonic
acid at low bromate concentrations; at high concentrations it is increased; [Mn3+]max is
increased in the presence of malonic acid (Table 3). The influence of malonic acid, leading
to an increase in the wvalues of [Mn3+]max and Vmax in the manganese(II)—bromate reaction, is
far greater than the apparent increase in these values could be as a result of the increase
in the molar extinction coefficient of manganese(III) ions in the presence of malonic acid
(a factor of 1.21). The observed increase in [Mn®t]pax and Vpax can evidently be explained
by a decrease in the redox potential of the couple Mn*/Mn®t as a result of complex formation
with malonic acid.

Thus, the results of our investigations showed that the rate of interaction of manganese-
(11, III) ions with bromate, malonic, and bromomalonic acids is 2-3 times as high as the rate
of the analogous reactions with the participation of cerium(III, IV) ions. Therefore the '
induction period in oscillating chemical reactions withthe participation of manganese(II, III)
ions is shorter than in systems with cerium ions, while in the joint presence of these two
catalysts in an oscillating reaction, the dominant influence on the value of the induction
period is exerted by manganese(II, III) ions [15]. The differences in the catalytic action
of manganese and cerium ions in bromate—malonic acid systems in sulfuric acid solutions are
associated with the possibility of formation of relatively stable complex compounds of man~
ganese(III) with malonic acid, which leads to an increase in the reaction rate at individual
stages of the oscillating process. This may also be a cause of the increase in the oscilla-
tion amplitude of the manganese(IIl) ions observed under definite concentration conditions
when the initial malonic acid concentration is increased [3].
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NATURE OF REACTIVE EXCITED STATE OF PHENAZINE IN °
ITS PHOTOREDUCTION WITH TETRAHYDROFURAN

M. N. Usacheva, I. V. Drozdenko, I. A. Dolidze, UDC 541.14:547.836
and I. I. Dilung

The nature of the excited state occurring in the photoreduction of azines (acridine and
phenazine) is being thoroughly investigated [1-4]. Most of these articles point out the ef-
fect of the nature of the solvent on the electron configuration and the multiplet character
of the excited state in which acridine takes part in the photoreduction [5, 6]. However,
the causes of this effect remain unexplained. This problem has been studied much less for
phenazine.

The present study has been undertaken with the objective to explain the nature of the
excited state of phenazine which is responsible for its photoreduction by tetrahydrofuran
(THF). It is known that in this solvent the reduction of azines proceeds most efficiently
[1, 6]. We have therefore investigated the quantum yield of the overall process of photo~
reduction and of the elementary processes of luminescence quenching and deactivation of the
T state of phenazine as function of the concentration of the deducing agent (in this case
THF); the effect of quenching agents of the triplet state (eosin, anthracene) and of a sen~
sitizer (diacetyl) was also investigated. The possibility of sensitizing the photoreduction
of phenazine to visible light with diacetyl was also studied.

EXPERIMENTAL PROCEDURE

Absorption spectra were taken on a Specord UV Vis spectrophotometer. The fluorescence
and phosphorescence of phenazine were studied by means of an instrument described in [7].
The kinetics of quenching of the T-T absorption of phenazine were recorded with a pulse de-
vice [8]. The quantum yields of the photoreduction were determined by means of a ferrioxa-
late actinometer. The internal filter effect was taken into account as described in [1].
The reference for the assessment of the quantum yields of fluorescence was a deaerated solu-
tion of anthracene in toluene (the quantum yield of its fluorescence is equal to 0.28).
Phenazine and anthracene were purified by zone melting; the solvents used were toluene and
THF, purified as described in [9] and distilled immediately before use. Diacetyl supplied
by Kahlbaum was kept in sealed ampuls which were opened immediately before use. All ex-
periments with respect to photoreduction and deactivation of the T states of phenazine were
carried out at a residual pressure of 1.3¢107° Pa. The samples were irradiated with light
from a DRSh-1000 mercury lamp (lines 366 and 436 nm, isolated with the corresponding light
filters).

RESULTS AND DISCUSSION

In the irradiation with light with X = 366 nm in the absence of air oxygen, the photo-
reduction of phenazine in toluene proceeds extremely slowly. The quantum yield of the reac-
tion in toluene is equal to ~10~%, a value which is in agreement with the results obtained
in [2]. In THF the reaction proceeds to completion within 10-12 min of irradiation, with
the formation of dihydrophenazine as the end product which is characterized by an absorption
band with Apax = 320 nm [1, 10]. Admission of oxygen to the reaction space causes complete
regeneration of the initial phenazine. It must be pointed out that in the presence of air
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