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Temperature Compensation in the Oscillatory Bray Reaction

Klara Kovacs/ Linda L. Hussami,* and Gyula Rabai*
Institute of Physical Chemistry, Urgrsity of Debrecen, P.O. Box 7, H-4010 Debrecen, Hungary

Receied: July 12, 2005; In Final Form: September 16, 2005

The influence of temperature on the oscillatory frequency of the hydrogen petagitkge ion reaction is

found to be two-sided: (i) the period length decreases with increasing temperature in most of the instances
studied, (i) or in some cases an opposite change is observed. A temperature-independent period length
(temperature compensation) is also discovered experimentally in a rather wide temperature interval at a narrow
concentration range of reactants both in a batch configuration and under flow conditions. A simple model
was considered to simulate this behavior. Opposing effects of the composite reactions of the model on the
calculated period length with changing temperature are shown to be responsible for temperature compensation
or overcompensation.

Introduction potassium iodate (the classical Bray reaction) may be indepen-

A rise in temperature accelerates elementary steps of adent of temperature under appropriately chosen experimental
chemical reaction, resulting generally in an increase in the conditions both in a CSTR and in a closed vessel.
overall rate. If such a rate increase takes place in the composite A few hints about the temperature dependence of the
reactions of an Osci"atory chemical Sys[em, one may expect dynamical behavior of the Bray reaction are found in several
that the characteristic period length becomes shorter becauséapers:* 8 Similarly to other oscillators, mainly a shorter period
everything happens faster at elevated temperature. Indeed, d&ngth has been observed at higher temperatures. In his original
decreasing period length with increasing temperature is normally Paper, for example, Bray reported an oscillatory period of about
observed in most of the experimeftg. Theoretically, however, ~ 4 days at room temperature and a few minutes at®g*
a temperature-independent period or even an opposite depenRecently, however, Lanova and Vredtameasured just the
dence (increasing period length with increasing temperature) 0pposite dependence in an argon atmosphere at somewhat
may also be possible in an oscillatory reaction network system, different conditions: they recorded a longer oscillatory period
because such a system contains positive and negative feedbac®t 60°C than at 50°C and measured the shortest period at 40
loops responding in opposite directions to the same temperature’C. They determined some kind of “activation energies” from
changes$ 1! According to this theory, an increase of the rate the value of the tangent of the dependence of fi¢t/F(1/T),
constants belonging to the positive feedback reactions decrease¥heref is the oscillatory frequency (fL~ period length). We
the period |ength of an osci”atory System’ while a similar think, however, that this treatment is not correct, becauke 1/
increase in the rate constant values of the negative feedbackcan be regarded neither as a real nor as an apparent rate constant,
reactions causes just the opposite change in the period lengthso the Arrhenius equation cannot be applied in such a way. Long
In such a way, for a certain set of activation energies of the ago, Kads' suggested similar use of the Arrhenius equation
composite reactions, positive and negative feedback loops mayfor calculation of the “apparent activation energy” of a chemical
tend to balance the influence of temperature on each other,0scillatory reaction, but he plotted the logarithm of the frequency
leading to a temperature-independent period length. This (not 1f!) as a function of IT. If one applies Kods’ method for
phenomenon is called temperature compensation, which appearsanova’s results in its original form, one obtains a negative
to be an essential feature of some biological rhythms. However, value for the “activation energy”, which has no physical
such a behavior stands in marked contrast to that found in mostmeaning. To characterize the temperature dependency of the
of the chemical oscillators, which are highly dependent on oscillatory frequency, it is better to use tkio value, which
temperature. Despite significant effort, the first experimental describes the relative change in the period length when the
example of temperature compensation in chemical oscillators temperature is increased by 10. This parameter is frequently
has been reported in the hydrogen peroxitiéosulfate-sulfite used for characterizing the temperature dependence of biological
flow oscillatory system (CSTR) just recenfi§!3In a closed  rhythms. It is defined as follows:
chemical system, where the oscillations become generally more . o
sensitive toward environmental changes, no temperature com-Qio= (Period length af (°C))/
pensation has yet been reported, at all. In this work we show (period length af + 10 (°C))
that the period length of the oscillatory decomposition of

hydrogen peroxide in an aqueous solution containing acidic Qo can also be given for a temperature inter¥at-T, not
exactly separated by 1UC:$
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effect of temperature on the oscillatory period length of the Bray D.go
reaction has not been reported yet. Here we carried out sucha ;¢ | | [ | I l I J__J,_,L_

work and report our results. We found that, depending on the

L . R 0.85
initial concentrations of the reagents, the measured period length NN

might decrease with increasing temperature or could be inde-
pendent of temperature in other cases or even an increase in pas L L L_J__J_.L_J___

period length might be observed as a function of increasing =
temperature. Simulation calculations using a simple model have! © bbb ) h , ' |
also been carried out. The rate constants of the composite
reactions of the model have been modified either individually

or all together to simulate the effect of temperature changes.

Experimental Section —T———T———T——T——T—
a 1000 2000 3000 4000 5000 8000 7000 8000
Materials. Reagent grade #D,, HCIO, and KIO; were t{s)
obtained from REANAL and were used without further puri- _. ) . )
fication. Doubly distilled water used in preparing solutions was Figure 1. Oscillatory changes of the Pt electrode potential as a function
. : T . of time in the Bray reaction in a batch reactor at different temperatures.
first purged with N for the elimination of dissolved ©£and [H205]0 = 0.1953 M, [KIOg]o = 0.050 M, and [HCIQ], = 0.055 M.
CO,. Stock solutions of KD, were prepared daily, and their  Temperature from the bottom to the top: 50.2, 55.8, 61.0, 65.2, and
concentrations were determined by titration with standard 70.2°C. Period length from the bottom to the top: 9.63, 13.52, 12.47,
permanganate solution. 10.29, and 12.20 min.
F_%eaptor. Closed system experiments were carrle_d outin a TABLE 1: Reproducibility of the Period Length
cylindrical-shaped, double-jacketed glass reactor with a liquid peasurements in a Temperature-Compensated Bray
volume of 100 mL. This reactor was closed to the atmosphere. Reaction in a Closed Reactct
The continuous flow (CSTR) experiments were performed ina T 65.5 70.0 75.0 80.0
water-jacketed cylindrical-shaped glass vessel with a liquid period length ~ 1.49+0.08 1.4740.09 1.59+ 0.07 1.54% 0.09
volume of 12.5 mL. Thermostated water was circulated in the ~ (min)
jacket of both reactors. The reactors were covered with a plasticnumber of 3 3 3 3
cap in all the experiments. A PAg/AgCIl combination redox measurements
electrode, a temperature probe, and the input (i.d. 1.0 mm) and  a[H,0,], = 0.1953 M, [IG]Jo = 0.032 M, and [HCIGl, =
output Teflon tubes (i.d. 2.0 mm) were led through the cap. A 0.10 M.
Teflon-covered magnetic stirrer bar (1.0 cm long) was used to
ensure uniform mixing at around 500 rpm. It is seen in Figure 1 that the length of the preoscillatory
Procedure.Both the batch and the CSTR measurements were period decreases and a gradual change in the shape of the
carried out in independent series of experiments performed atoscillatory curves takes place as the temperature increases from
different temperatures. The uncertainty in controlling the the bottom to the top of Figure 1. Other experiments also
temperature was=0.05 °C. Concentrations of reagents were confirm that the length of the preoscillatory period decreases
varied systematically one by one. The introduction of hydrogen with increasing temperature in all the cases studied. The period
peroxide stock solution to the heated mixture of potassium iodate length of the oscillations, however, does not show any obvious
and perchloric acid was taken as the initial moment of the trend as a function of temperature under the conditions shown
reaction in the batch configuration. During the flow experiments, in Figure 1. Note that the exact determination of the period
the CSTR was fed with input solutions of acidic potassium length cannot be based on a single oscillatory period in a batch
iodate and hydrogen peroxide by means of a peristaltic pump reactor, because any chemical oscillation is a transient phe-
(Gilson). Two feedstreams enter the CSTR through two nomenon in a batch reactor: Sooner or later oscillations must
separated ports. Excess liquid was removed with the same pumpcease as the reaction approaches equilibrium. Meanwhile the
The temporal course of the reaction was followed by measuring period length increases and the amplitude decreases in time as
the change in the redox potential. Potentitine data were the reaction proceeds. In addition, the number of oscillatory
collected by a computer and were recorded on a disk. cycles depends strongly on the initial experimental conditions.
Consequently, under the circumstances, a single oscillatory
period is not characteristic for a run. It is better, therefore, to
Batch Experiments. The Bray reaction is usually studied in  calculate an average period length. Such an average value was
an aqueous solution containing sulfuric acid. However, we used calculated on the basis of the first-Z0 periods for each run
perchloric acid instead of sulfuric acid in most of our study, throughout our study.
because preliminary experiments showed that the temperature First, we looked at the reproducibility of the period length
range of oscillations became wider in the presence of perchloric measurement because preliminary experiments indicated that
acid. Note that KCIQ did not precipitate in the concentration significant deviation might arise in the simultaneously deter-
range we applied. A wider temperature range of oscillation is mined values. Shown in Table 1 are repeatedly measured period
obviously an advantage when the effect of temperature on thelengths at different temperatures.
dynamical behavior is studied in such systems. In a typical Deviation from the average value observed in carefully
experiment, temporal oscillations started after an early preoscil- repeated experiments can be kept bel&éw%, which is
latory (induction) period. Longer induction periods could be acceptable in such measurements. On the other hand, the data
measured at lower temperatures in all the experiments. However,jn Table 1 indicate very good temperature compensation as the
we found that the variation of the period length of oscillations average of the determined period length remains within the
with temperature is not so unambiguous. Typical oscillatory time reproducibility range in a temperature interval of A5.
series measured at different temperatures are shown in Figure To determine the experimental conditions under which
1. temperature compensation in period length appears, we per-

Results and Discussion
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0 8 70 72 14 1 18 80 Figure 3. Measured period length at different temperatures in the Bray
reaction. [HO2]o = 0.20 M, [HCIOy]o = 0.08 M, and [KIQ]o = 0.060
T (°c) M.
Figure 2. Measured period length)(as a function of temperatur@&)(
at different perchloric acid concentrations »{b]o = 0.10 M, [KIO3]o 0.65
=0.08 M, and [HCIQ], = 0.080 (bottom), 0.070 (middle), and 0.060 0.55
(top) M. 0.65
B8
TABLE 2: Experimentally Determined Qo Values for the :
Bray Reaction in a Batch Reactor in the Temperature Range $0.55
69.3-79.3°C at Different Reagent Concentrations EO-BO
0.50
[H20] [HCIO ] [KIO4] 0.60
(M) (M (M) Quo 0.50
0.10 0.07 0.07 0.96 9-89
0.15 0.07 0.07 1.04 T T T T T T 1
0.20 0.07 0.07 112 0 500 1000 1500 2000 2500 3000
0.25 0.07 0.07 1.50 t (s)
812 88; 8gg 822 Figure 4. Oscillatory traces measured in a CSTR at different
0.20 0.07 0.09 0.77 temperatures. [fD;]o = 0.1953 M, [KIOs]o = 0.075 M, [HCIQ]o =
0.10 0.07 0.08 0.83 0.075 M, andk, = 4.7 x 10 s %. Temperatures from the bottom to
015 007 008 107 the tOp: 61.8, 65.2, 69.6, 75.0, 80.0, and 834 Period Iength from
0.20 0.07 0.08 1.20 the bottom to the top: 72, 88, 95, 105, 102, and 100 s.
0.25 0.07 0.08 1.34 90
0.30 0.07 0.08 1.60 ]
0.10 0.06 0.08 1.24 80
0.10 0.07 0.08 0.97 ] - .« °*
0.10 0.08 0.08 0.67 70 4 @
0.20 0.06 0.06 1.80 ] - 2
0.20 0.07 0.06 1.26 e~ 604 -
0.20 0.08 0.06 1.02 >E‘ 0
. -
formed a series of experiments in a batch reactor, in which the : N ¢ .
reactant concentrations were varied systematically and the 40 1 =
temperature dependence of the period length was measured. It 30 4 “
turned out that both the direction and the size of the variation {1 =
of the period length with changing temperature were very 20 - T s p T y =
. o . 1] 85 70 7! 80 85 90
sensitive to both the initial concentrations of the reactants and 05
that of the acid. Figure 2 shows the results of three series of T(C)

experiments carried out at different concentrations of perchloric Figure 5. Measured amplitudes of temperature-compensated oscilla-
acid in a temperature range of XC between 69.3 and 79.3  ions as a function of temperature in a CSTR= 4.7 x 10 s,

°C. One can observe a normal direction of temperature [H,0,], = 0.1953 M, ®) [KIO3]o = 0.048 M and [HCIQ]o = 0.075
dependence at a 0.06 M HCj@oncentration: the period length M, (m) [KIO3]o = 0.032 M and [HCIQ]o = 0.093 M, and 4) [KIO3]o
slightly decreasesio = 1.24) with increasing temperature. At = 0.075 M and [HCIQ]o = 0.075 M.

[HCIO4 = 0.07 M, good temperature compensation is seen,

where Q0 appears to be close to 1.Q4 = 0.97), while at Experiments in a CSTR. Temperature compensation in the
[HCIO4] = 0.08 M, a reverse temperature dependence (over- Bray reaction can be observed not only in a closed reactor but
compensationQ;o = 0.69) can be measured. also in a continuous-flow stirred tank reactor. Figure 4 shows

Summarized in Table 2 ar®i values obtained in the  six oscillatory series measured in a CSTR in the temperature
temperature range 69:39.3°C at different initial concentra-  range 61.8-83.4°C.
tions of reagents and acid. EaGhg value appearing in Table While the period length hardly changes with temperature (in
2 is calculated as an average of three parallel experiments. the range 65.283.4 °C), the amplitude of the oscillations

Our experiments revealed that the variation of the period sharply increases with increasing temperature. The changes of
length with temperature is not always monotonic. Shown in amplitude of different temperature-compensated limit cycles are
Figure 3 is a temperaturgeriod length curve that shows a shown in Figure 5. The amplitude of these oscillations increases
maximum. with increasing temperature, which is in good agreement with
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TABLE 3: Composite Reactions, Rate Laws, and Rate

Constants of the Bray ReactioR® 75 d
103~ + 1~ + 2H" — HIO + HIO, (R1) 55
HIO + HIO; — 103~ + |~ + 2H* (R2) :
HIOz + 1 + H* — 1,0 + H,0 (R3) 753 ¢
1,0 + H,0— 2HIO (R4)
2HIO — 1,0 + H0 (R5) 5.5
HIO + - + H* — I, + H,0 (R6) 5 1p
I+ H,O0—HIO+ I~ + H* (R7) 75
HIO + H,0, — I~ + HT + H,O + O, (R8) 6.0
|20 + HzOz_> HIO + H|Oz (Rg) 7.5 a
HIO; + H,0, — 105~ + HT + H,0 (R10) ’
103~ + H* + H0, — HIO, + O, + HF (R11) 6.0
IA8a)~ 1(9) (R12) 0 500 1000 1500 2000
rate law rate constant at 6C t(s)
v1=ki[lIO57][I 7][H*]? 30x 1°M3st Figure 6. Calculated oscillations. [¥D;]o = 0.20 M, [KIOs]o = 0.036
v2 = ky[HIO][HIO 5] 1.32x 16 M~ 1st M, and [HCIQo = 0.10 M.
vs = ka[HIOZ][1 “][H ] 8.33x 10° M 257!
= kil 2O 83.3s? . . o L
Z: — ﬁhﬂo]]z 525y 106 M-1s1 _ Shown in Fl_gur_e 6 are temporal oscillations of_the _|od|de
ve = ke[HIO][I J[H] 1.0 x 1022 M 251 ion concentration in a closed reactor calculated with different
v7 = ky[l 2] 1.0x 1¢®s?t sets of rate constants. Curve a was obtained with the basic set
vg = ts[HlC)][H 207] 2.0x 10203'\/"}’{1 listed in Table 3 assumed to refer to 80. Then we doubled
Zg — ﬁ“fﬁﬂé“fﬁ] o) ‘Z’bgg >l\</|*11 s*l\l/l s the rate constants of all the composite reactions. In such a way
yﬁ — kﬁ[lO;ﬁ[H f][ﬁ' ,04] 187 x 104M-2s1 we tried_ to mimic the effect of a 10C temp(_erature increase on
12 = kudll ] 3.30x 1045t the period length. As expected the period length decreased

. o significantly (curve b in Figure 6). This means that temperature
the amplitude model proposed by Lakin-Thomas efdlhey compensation cannot be simulated if the activation energies of

predicted that, if a constant period occurs, the size of the limit the composite reactions are the same or very similar to each
cycle has to change. So increases of the environmental tem- P y

perature increase the amplitude and decreases of the temperatur%ther' Qurve ¢ in Figure 6 was obtamed wher) the rate constants
have an opposite effect on the amplitude. of reactions R4, R6, and R8 were tripled, while other constants

Modeling. In addition to the experiments, we have carried were doubled..Curve c.shqws clear!y that, if reactions R4, RQ’
out model calculations to simulate the effect of temperature on and RS have h|ghe.r activation energies than the other composne
the dynamical behavior of the Bray reaction. Obviously, an reactions, the period length will increase. Other simulations
interesting question is whether the necessary mechanistic'nd'cated that these three composite reactlops not only together
conditions of temperature compensation of the oscillatory but also separately have such an effect. To simulate temperature
frequency are fulfilled in the mock¥2! proposed for the Bray compensation, we doubled the value of all the rate constants

AR . i = 1 = 151
reaction in view of the fact that the rate of all the composite SNOWn in Table 3, excepg = 225 s andks = 520 M™% s

processes increases with increasing temperature. The model i§* comparison between curves a and d in Figure 6 gives
shown in Table 3. theoretical evidence for the possibility of temperature compen-

In Table 3 reaction R12 represents the evaporation of sation in the model and also shoyvs an incrfaase of the amplitude
elementary iodine, which seems to be an important composite_Of temperatL_Jre-compensated oscillation which has been observed
process with a significant effect on the period length when the in the experiments. Unfortunately, temperature dependence and
reactor is open to air. No radicals are involved in the scheme, activation energies of the steps in the mechanism are not known;
Obviously, the model is complicated, no analytical solution therefore, more reliable simulations of the temperature com-
seems to be possible, and a numerical solution must be soughtPensation in the Bray reaction are not possible at the moment.
A fourth-order Runge Kutta method turned out to be appropri-
ate for solving the model differential equations. The effect of a Conclusion
change in temperature on the period length may be simulated
by changing the values of the rate constants. Simulations with We observed temperature compensation of the oscillatory
two different sets of rate constants showed that a constant periodPeriod length in the Bray reaction in a narrow concentration
length may be achieved if the values are chosen appropriatelyrange of reactants both in a continuous-flow stirred tank reactor
even if all the rate constants in one set are chosen to be higheIand under closed conditions. This experimental finding confirms
than those in the other set. This is likely due to the opposing Ruoff's theoretical consideratiofsiccording to which a chemi-

effect of the composite reactions on the period length. cal oscillator can be temperature compensated under appropriate
In our simulations we demonstrate the existence of the conditions because of the antagonistic balance between positive
opposing composite reactions in the reaction schemeRR1L. and negative feedbacks. We showed that an increasing rate of

In other words, our simulations show that there are composite Some composite reactions of a model proposed for the Bray
reactions which increase the period length when their rate reaction shortened the period length while an increase in the
constants are increased and there are, on the other handrate of other composite reactions has just the opposite effect.
composite reactions which decrease the period length when theirThese two opposing effects compensate each other under a very
rate constants are increased. It turned out that compositelimited range of conditions, resulting in a temperature-
reactions R4, R6, R8, and R12 increase the period length whenindependent period length. We have also provided experimental
their rates are increased in the simulations, while reactions R1,evidence for Lakin-Thomas's theory? according to which an

R3, R5, R7, R9, and R11 have the opposite effect on the periodincrease in the temperature brings about an increasing amplitude
length. of a temperature-compensated limit cycle oscillator.
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