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The temperature dependence of the influence of oxygen on the Belousov-Zhabotinsky (BZ)
system with a Ce(IV)-Ce(lll) redox catalyst and 2-oxopentanedioic acid as substrate and on
the autocatalytic oxidation of Ce(lll) ions with bromate was studied in detail. The influence
of temperature on the induction period, the period of the second oscillation, duration and
number of oscillations, and finally on the average frequency of oscillations, was investigated
both in oxygen and in nitrogen. The corresponding activation parameters have been deter-
mined and discussed. The most pregnant effect of oxygen is observed on the temperature
dependence of the duration and the number of oscillations. The value for enthalpy of acti-
vation is more than 50 kJ mol™ higher in oxygen than in nitrogen. The presence of oxygen
may generate chaotic behaviour or multi-mode oscillations since in the presence of oxygen,
new intermediates in the BZ system are formed, thereby increasing its complexity.
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Even though the Belousov-Zhabotinsky (BZ) oscillatory reaction became an
archetype of the temporal and/or spatial dissipative structures and its
mechanism is relatively well explained, some aspects are still incompletely
understood, for example, the influence of oxygen. Oxygen effects on the BZ
reaction and some of its component processes have been described by sev-
eral authors'~22. The accelerating effect of oxygen on the oxidation of
malonic acid (MA) with Ce(l1V) has been studied in detail by Noyes and
co-workers’. It has been explained by the formation of organic peroxy radi-
cals that increase the rate of initial attack on MA. An evidence from elec-
tron paramagnetic resonance (EPR) has been presented by Neumann et al.'*
that peroxymalonyl radicals (MAOQO") are actually formed in the aerobic
oxidation of MA with ceric ions.
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For a long time, it has been believed that oxygen does not influence
oxybromine chemistry of the BZ reaction®. Only recently, a significant in-
fluence of oxygen and organic substrate has also been found for the
autocatalytic oxidation of the catalyst (Ce(l11) ions) with bromate??. Both in
the presence and the absence of an alkyl derivative of MA (RMA, where R =
methyl, ethyl, etc.), oxygen always increases inflection times of the
autocatalysis when compared with anaerobic conditions (argon atmo-
sphere). According to the Noyes-Field-Thompson (NFT) mechanism?3, a
sufficient number of BrO, radicals has to accumulate before the
autocatalytic oxidation of the reduced form of the catalyst can start. There-
fore, conditions that affect the lifetimes of the RMA® and RMAOO?" radicals
will play a significant role in the BrO, kinetics and inflection times.

Even though the phenomenology of the oxygen effects on the BZ reac-
tion is now relatively rich, a number of additional experiments and compu-
tations are needed to understand completely this complex influence. A
better insight into the role played by oxygen may also be helpful in under-
standing some of the phenomena associated with spatial pattern formation
and with the phenomenon of excitability of non-linear systems.

The main goal of this work was to study the influence of temperature on
the oxygen participation in the BZ reaction, using the Ce(I1V)-Ce(lll) redox
catalyst and 2-oxopentanedionic acid (as substrate), as well as on the com-
ponent processes, on the autocatalytic oxidation of Ce(lll) ions with
bromate??, and on the reduction of Ce(lV) ions with substrate. In our previ-
ous studies of this kind of the BZ reaction we observed two kinds of oscilla-
tions?425. The chosen substrate, 2-oxopentanedioic acid, plays an
important role in metabolism of living systems (Krebs cycle, synthesis of
hemoglobin, etc.) and, therefore, its participation in BZ oscillations may be
of importance. The detailed study of the temperature effect on the BZ reac-
tion becomes important also with regard to the possibility of the tempera-
ture-compensation in the BZ reaction?®. The latter phenomenon in
chemical and biological oscillators is now in the centre of interest for many
chronobiologists?”. Only recently, the effect of oxygen on the cerium-
catalyzed BZ reaction, occurring only at low catalyst concentrations?8, and
oxygen inhibition of the BZ oscillations were investigated?® in detail.

EXPERIMENTAL

Sulfuric acid, Ce(NO3);, Ce(SO,),, NaBrO4, and 2-oxopentanedioic acid were of commercial
analytical quality (Fluka, Aldrich).

BZ reactions were followed potentiometrically (with a universal polarograph OH 105,
Radelkis, Hungary) and/or amperometrically (with a Polariter polarograph, Radiometer, Copen-
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hagen, Denmark) in a thermostated cell at various temperatures, with a platinum working
electrode and a Hg/Hg,SO, reference electrode. The solutions were stirred during measure-
ments by bubbling of oxygen or nitrogen saturated with water by passing through distilled
water in a washing bottle, at a constant flow-rate of 1 | min~1. The data shown in the tables
are averages of four independent measurements with a standard deviation of 8%. The values
for enthalpy and entropy of activation, determined using the Eyring equation, are apparent
or experimental values that do not correspond to any elementary reaction step, but do pro-
vide an information about the extent of the temperature-controlled oxygen influence.

RESULTS AND DISCUSSION

As a rule, the BZ reaction is preceded by an induction period which is nec-
essary for accumulating a sufficient amount of brominated substrate, for ex-
ample bromomalonic acid. It was observed earlier that oxygen may shorten
or prolong induction and/or oscillation periods?#. In the system under
study, oxygen prolongs the induction period, but the oxygen effect is tem-
perature- dependent (Fig. 1). In contrast to the temperature dependence of
the induction period in nitrogen fitting to an Arrhenius plot, in the pres-
ence of oxygen, it is a non-Arrhenius dependence, indicating a very com-
plex oxygen effect on bromination of 2-oxopentanedioic acid and the
formation of bromide from bromate, as proposed by Ruoff et al.3°.

As far as the period of the second oscillation is concerned, it becomes
shortened in the presence of oxygen compared to its duration in nitrogen.
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Temperature dependence of the induction period (IP). [Ce(SO,),], = 6.25 - 107 mol 1%,
[H,S0,], = 1.5 mol I}, [NaBrO,], = 1.5 - 1072 mol I}, [2-oxopentanedioic acid], = 1.25 - 107
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We investigated its temperature dependence both in oxygen and in nitro-
gen and observed an Arrhenius plot in both cases (Fig. 2). Having applied
the Eyring equation, we evaluated both apparent activation parameters,
enthalpy and entropy of activation (Table I). The value for enthalpy of acti-
vation in oxygen is about 4 kJ mol-! higher than in nitrogen. The oxygen
effect on the period of the second oscillation (T,) also relates to entropy of
activation; this is about 17 e.u. higher in oxygen than in nitrogen. As the
oscillation originates from the reduction of Ce(lV) ion with reducing sub-
strate and the subsequent autocatalytic oxidation of Ce(lll) ion with
bromate, we also studied the oxygen effect on these processes at variable
temperatures. The effect of oxygen on the autocatalytic oxidation of Ce(lll)
with bromate has been proven by Treindl et al.?2. Herein, we will report the
temperature dependence of the oxygen effect on the inflection time values
(Fig. 3) and on the derived activation parameters (Table I). One can see that
enthalpy activation is responsible, rather than entropy of activation, for the
oxygen effect on the inflection time. As BrO, radicals are probably partly
scavenged by oxygen molecules (Eqg. (1)), a longer inflection time is neces-
sary for a sufficient amount to be accumulated.

BrO, + O, —» O,--BrO, (1)
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Temperature dependence of the period of the second oscillation (T,). [Ce(SO,),], =
6.25 - 107 mol I%, [H,S0,], = 1.5 mol I, [NaBrO,], = 1.5 - 1072 mol I}, [2-oxopentanedioic
acid], = 1.25 - 10 mol I"}; a oxygen, m nitrogen
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Similarly to the RMA-BZ system??, prolongation of the inflection time in
the presence of substrate may be due to the interaction of BrO, with inter-
mediate radicals (Egs (2) and (3); PDA = 2-oxopentanedioic acid):

PDA" + BrO, - P, )

PDAOO" + BrO, — P, ©)

TABLE |
Activation parameters derived from the period of the second oscillation (T,) and inflection

time (t;)

T,2 t°
Parameter
N2 OZ N2 O2
AH*, kI mol ™ 57.8 61.6 67.5 69.8
AS*, ) mol™ Kt 4415 458.3 456.0 461.8

2 [Ce(SO,),l = 6.25-107° mol I%, [H,50,], = 1.5 mol I}, [NaBrO4], = 1.5 10 mol I'?,
[2-oxopentanedioic acid], = 1.25 - 107t mol I%; P [Ce,(SO,).], = 2 - 102 mol 1%, [H,S0,], =

0 2 4/3lo 2°%4lo
3.3 - 107! mol I'Y, [NaBrO;], = 1 - 1072 mol I%.
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Temperature dependence of the inflection time (t;). [Ce,(SO,)5ly = 2 - 1073 mol I'%, [H,SO,], =
3.3 107" mol I}, [NaBrO,], = 1 - 1072 mol I}; A oxygen, m nitrogen
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We were able to prove that also the temperature dependence of duration
of oscillations (D), and of number of oscillations (N), possess an Arrhenius
character. This also holds for the deduced temperature dependence of the
average frequency of oscillations (f) (Figs 4a—4c and Table Il). The most
pregnant effect of oxygen is observed for the temperature dependence of
the D and N parameters. With increasing temperature an inhibiting effect
of oxygen on D increases, and no oscillations occur at 45 °C in oxygen (in
contrast to nitrogen). The corresponding value of enthalpy of activation is
more than 50 kJ mol-! higher in oxygen than in nitrogen (Table II). This is
in accordance with the observations of Ruoff and Noyes!® that the bromide
ion (inhibiting the oxidation of Ce(lll) with bromate) is produced more
quickly under aerobic than anaerobic conditions.

If we compare the oscillatory behaviour of the BZ system investigated in
oxygen with that in nitrogen, we can see an essential difference. Chaotic
behaviour can be observed after several minutes of regular oscillations if ox-
ygen is bubbled through the solution. Analysis may indicate deterministic
chaos starting via a period of doubling scenario. In the presence of oxygen
in the BZ system, new intermediates are formed?2, thereby increasing the
complexity of oscillations. This may indicate a more variable system where
the phase space becomes at least three-dimensional and transition through
a period-doubling bifurcation can be expected3!. So far, we have not pro-
claimed that period-doubling cascades are found unequivocally, since fur-
ther measurements are needed. We can at least say that multimode
oscillations in the presence of oxygen are found with time series like

TasLE Il
Activation parameters derived from the number (N), duration (D) and average frequency (f)
of oscillations

N D f
Parameter
N, 0, N, 0, N, 0,
AH*, kI mol™ 33.3 93.2 87.3 140.5 51.4 44.8
AS*, I mol™t K2 314.1 515.8 494.4 676.2 77.8 97.0

[Ce(SO,),], = 6.25 - 10° mol I}, [H,S0,], = 1.5 mol I}, [NaBrO,], = 1.5 - 1072 mol I,
[2-oxopentanedioic acid], = 1.25 - 10~ mol 1%,
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AaaAaaaAaaaaAaaaaaA..., where A means a high oscillation amplitude and
a means a low oscillation amplitude.

As to the possibility of temperature-compensation in the BZ reaction?,
we can say that almost all parameters (induction period, period of the sec-
ond oscillation, the duration of oscillations, the number of oscillations, and
the average frequency of oscillations) of the BZ reaction with the
Ce(l11)-Ce(IV) redox catalyst and 2-oxopentanedioic acid as substrate in ni-
trogen fulfill the Arrhenius and/or Eyring equations; we have not found the
temperature compensation of its oscillatory behaviour. A non-Arrhenius
plot of the induction period in oxygen (Fig. 1) may be due to a very com-
plex influence of oxygen on bromination of substrate, this being usually
determined by the rate of enolization of the substrate. Like in the malonic
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acid BZ system, it has been proven!33932 that within an induction period,
also in the system under study, most bromide originates from bromate via
inorganic intermediates (such as HOBr) attacked by intermediary radicals.
The most dramatic effect of temperature on the oxygen effect on the induc-
tion period as well as on the oscillatory state can be observed in the temper-
ature range of 45-60 °C, which is probably due to the high rate of the
bromide production.

The authors thank the Grant Agency of the Ministry of Education, Slovak Republic, for financial
support. D. B. thanks for the hospitality of the Department of Physical Chemistry of the Comenius
University in Bratislava.
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