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The oxidation of ethyl ester of 3-oxobutyric acid by the Ce(IV) ions in the
solution of sulfuric acid is an inner-sphere reaction, which proceeds through an
intermediary complex. This reaction is a first-order reaction with respect to
both reactants and is catalyzed by the H,O" ions. Its rate is inversely
proportional to concentration of the HSOj ions as well as of the Ce(III) ions.
A plausible reaction mechanism has been proposed and the rate equation
derived on the basis of this mechanism is in good agreement with the
experimental equation. The activation parameters AH*=51.6 kJ mol™" and
AS*= —53 J K" mol™" have been evaluated from the temperature dependen-
ce of the rate constant.

The modified Belousov—Zhabotinskii reaction system containing ethyl ester
of 3-oxobutyric acid as substrate is noteworthy by the fact that regular
oscillations of the concentration of the Ce(IV) ions arise in an undisturbed
system without any induction period even if the electrolyte is not stirred. The
course of oscillations was investigated polarographically and spectrophotomet-
rically and the corresponding activation parameters were evaluated on the basis
of their dependence on temperature.

Oxncnenue aTHOBOrO 3ahupa 3-0kcobyTaHOBOH KHCTOTHI MOHaMu Ce(1V) B
pacTBOpe CEpHOM KHCIIOTbI SIBISeTcs BHYTpUC(hEpHOH peakuuei, koTopas
npoTeKaeT yepe3 06pa3oBaHHE MPOMEXYTOYHOro KoMiulekca. Peakuus nepso-
ro NopsAka Mo OTHOWICHHIO K OGOMM peakTaHTaM KaTalM3upyeMasi HOHaMH
H,;0" u ee ckopocTs 06paTHO NPONOPUMOHAILHA KOHUEHTpalwmK HoHos HSO;
u Ce(Ill). Bbu1 mpensioxeH BEPOATHbI MEXaHW3M pEakKUWH M YpaBHEHHE
CKOPOCTH pE€aklUyH, NONYYEHHOE Ha €ro OCHOBRHHWM, XOPOILLUO COracyeTcs
C 3KcnepHMeHTOM. M3 TeMmepaTypHOM 3aBHCMMOCTH KOHCTAaHThI CKOPOCTH
6LUTM NONyYeHsl napameTpbl akThBaumu, AH*=51,6 kIIx Mons™' n AS*=
—53Ix K™ monp™".

Monudukaums peakuporHoil cucreMsl Benoycosa—>KaGoTHHCKOrO ¢ 3TH-
J0BbIM 3(HPOM 3-OKCOGYTAaHOBOM KMCIIOTBI B Ka4ecTBe CyGcTpaTa MHTEpecHa
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TEM, 4TO perynsipHble Kone6aHus KoHUeHTpauuu HoHoB Ce(IV) nosmisrorcs
6€3 MHIYKUHOHHOIO NMEPHOAA aXe B CHCTEMe O¢3 nepeMelMBaHHUs 3JIEKTPO-
JuTa. 3a XO0M OCLMJUIALMA HabMIOR N NONSporpadUyYecKt 1 cieKTpodoTo-
METPHYECKH M TI0 MX TEMIIEPATYPHOX 3aBUCMMOCTH ObLIHM HaWJEHbI COOTBET-
CTBYIOLLME MapaMeTpPbl aKTHBALIMH.

We synoptically reviewed oscillation reactions earlier [1]. The kinetics and
mechanism of the Belousov—Zhabotinskii reaction were studied by using the
virtue of rotating platinum electrode [2]. The influence of some electrolytes [3] and
oxygen [4] on the fundamental kinetic parameters of this reaction was -also
described. Recently, we described the behaviour of the Belousov—Zhabotinskii
oscillation system containing 2,4-pentadione as substrate [4, 5].

The modified Belousov—Zhabotinskii reaction in the presence of ethyl ester of
3-oxobutyric acid functioning as substrate was described by Zhabotinskii [6] and
Winfree [7]. The kinetics of the oxidation of this substrate by the Ce(IV) ions was
studied by Panigrahi and Misro [8] who, however, presented only elementary
kinetic data of this reaction in the scope of complex investigations of keto
compounds. More detailed kinetic data concerning this system are lacking for the
time being and, for this reason, its kinetic study is the topic of the present paper.

Experimental

The kinetics of the oxidation of ethyl ester of 3-oxobutyric acid by the Ce(IV) ions was
studied polarographically by recording the dependence of limiting diffusion current of the
Ce(IV) ions on time using a rotating platinum electrode at the potential E= —0.05V
against the potential of a Hg,SO, electrode in a 2 M solution of H,SO,. The experimental
installation was described in paper [2].

A spectrophotometer Specord UV VIS (Zeiss, Jena) was used for spectrophotometric
measurements. The measurements were carried out in 10 mm cells placed in a tem-
perature-controlled block joint to a thermostat. The course of reactions was observed by
means of the temporal change in absorbance at A..=320 nm. The presented values of rate
constants were calculated as an average of four independent measurements.

The chemicals used were anal. grade reagents and redistilled water was used for
preparation of the solutions.

Results
Kinetics of the oxidation of ethyl ester of 3-oxobutyric
acid by the Ce(IV) ions

It has been evidenced by the integral method that the oxidation of ethyl ester of
3-oxobutyric acid by the Ce(IV) ions is a reaction of the first order with respect to the
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Ce(IV) ions as well as to substrate. The dependence of limiting diffusion current of the
Ce(IV) ions on time corresponds to kinetic equation of the first order in the interval of the
first two half-times of the reaction. The experimental rate constant (s™') is a linear function
of concentration of the substrate within the concentration range 3 X 107°—3 X 1072 M (Fig.
1). The slope of this graphical relation passing through the origin of coordinate system gives
the value of rate constant of the second-order reaction k =7.3 s™' mol™' dm® at 20°C. The
activation parameters, i.e. activation enthalpy AH*=51.6 kJ mol™' and activation entropy
AS*= —53J K" mol™" were evaluated by the method of least squares from the tempera-
ture dependence of rate constant in the temperature interval 10—35°C on the basis of the
Eyring equation.

The experimental rate constant linearly increases with concentration of the H;O" ions and
the corresponding graph passes through the origin of coordinate system. The slope of this
graph gives the value of catalytic constant ky+=1.0X 107 s™ mol~' dm’. The value of rate
constant decreases with increasing value of ionic strength (Fig. 2). The plot of log k against

T T T (0g ke
20 4 ’
-1.7
v:(h
o
(=]
'3 10 7
K]
-1.9
1 L L 3 1 1 1
0.0 0.01 0.02 cpyyg /Mol dm 0.3 0.4 0.5 VI/1+/1)
Fig. 1. Variation of experimental rate constant Fig. 2. Variation of experimental rate constant
with concentration of ethyl ester of with ionic strength.
3-oxobutyric acid (EKTB). 3.3x 107 M-Ce(SO.)2, 4.0x 107> M-EKTB,
3.3x107* M-Ce(SO.)z, 1 M-H,SO., 20°C. 0.2 M-H.SO,, 20°C.

Vi +VI) is linear, the slope being — 1.5. The rate constant also decreases with increasing
concentration of the HSOj ions (Table 1). The dependence of the rate constant on the
inverse value of concentration of the hydrogen sulfate ions is linear. On addition of the
Ce(IIl) ions into the solution, the value of rate constant decreases (Table 2). The
dependence of the rate constant on the inverse value of concentration of the Ce(III) ions is
linear. The course of polarometric titration of the Ce(IV) ions with the solution of substrate
indicates consumption of two Ce(IV) ions for a molecule of ethyl ester of 3-oxobutyric acid.
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Table 1

Variation of experimental rate constant with concentration of the HSOZ ions
3.3 x107* M-Ce(SOs)., 4 X 107 M-CH,COCH.COOCH;, 2 M-H,0*, 20°C

Cusoz/mol dm™ koo 10*/s7"
0.25 3.5
0.50 28 |
0.75 2.5
1.00 2.3
1.50 2.1
2.00 2.0
Table 2

Variation of experimental rate constant with
concentration of the Ce(III) ions
3.3 107 M-Ce(SO.)s, 4.7 X 107> M-CH,COCH.COOC:Hs, 1 M-H.SO,, 20°C

ch(so‘),/mol dm™ ku‘,' 10%/s™*
— 3.1
33x107* 2:2
6.6x10™* 1.7
9.9%10™* 14
2.0%x107° 0.8

The Belousov—Zhabotinskii reaction involving ethyl ester
of 3-oxobutyric acid as substrate

The modified Belousov—Zhabotinskii oscillation system comprising 2 X107
M-Ce(SO.),, 6% 107>M-KBrO,, and 2 x 107> M-CH,COCH,COOC,H; in 1M-H,SO,
exhibits regular oscillations of concentration of the Ce(IV) ions without any induction
period. In contrast to the Belousov—Zhabotinskii system containing malonic acid as
substrate the described system oscillates even without any stirring of the electrolyte. The
course of oscillations may be reproducibly investigated by polarography with a rotating
platinum electrode. The characteristic parameters of oscillations do not change with
potential of the indication electrode (Table 3).

The corresponding thermodynamic activation quantities [2—S5] (Table 4, Fig. 3) were
evaluated on the basis of the temperature dependence of the logarithm of period of the first
oscillation, logarithm of the time of existence of oscillations, and logarithm of the frequency
of oscillations by means of the Arrhenius equation. The linear course of these relationships
was to be obtained only if the solution was previously thoroughly bubbled with nitrogen used
in electric bulb industry.
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. Table 3

Characteristic parameters of oscillations at varying potential
) of the indication electrode
2x107* M-Ce(SO.)2, 2 X 107> M-EKTB, 6 X 107> M-KBrO,, 1 M-H.SO,

First period of Period of time Frequency
E/V oscillations of oscillations of oscillations
s s s7!
-0.05 49 1674 1.14x 1072
+0.10 49 1698 1.12x 107
+0.25 49 1602 1.19x 1072
+0.50 49 1800 1.06x 1072
Table 4

Activation parameters determined from temperature dependence
of the corresponding parameters of oscillations
Experimental conditions as in Table 3

Determination from

E/kJ mol™ A/ls?
temperature dependence
Period of the first oscillation 49.3 8.56x 10°
Period of time of oscillations 65.7 1.97x10°
Frequency 52.0 1.43x 107

The oscillations of concentration of the redox catalyst could be also investigated
spectrophotometrically (Fig. 4) by recording the dependence of absorbance of the Ce(IV)
ions on time at An.,=320 nm. At higher temperatures (35°C), the simple regular oscilla-
tions turn into complicated ‘““doubled” oscillations resembling modulation of a carrier wa-

ve (Fig. 5).
-log 1P
-1.6
-1.8
Fig. 3. Temperature dependence of the first
period of oscillations. -20
Experimental conditions as in Table 3. 33 34 100 7K
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Fig. 4. Oscillations of absorbance at Ama =320 nm.
4% 107* M-Ce(SOx)., 6 X 1072 M-KBrO,, 4 x 10> M-EKTB, 1 M-H,SO., 30°C.
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Fig. 5. Double oscillations.
Experimental conditions as in Fig. 4, 35°C.

Discussion

On the basis of the described results, the rate equation of the oxidation of ethyl
ester of 3-oxobutyric acid by the Ce(IV) ions in a sulfuric acid solution may be
written as follows

_d[Ce(1V)] _ k[Ce(IV)] [CH;COCH,COOC,H;] [H;0*] )
ar [Ce(TIT)] [HSO3]
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This rate equation can be also theoretically derived if we assume the reaction
mechanism according to which the enol form of ethyl ester of 3-oxobutyric acid is
attacked by the species Ce(SO.); to give the intermediary complex

Ce(SO.):+enol = Ce(SO.),—enol (A)
k—1

According to Hardwick and Robertson [9], the following mobile equilibria of the
Ce(IV) ions manifest themselves in a solution of sulfuric acid

Ki

Ce**+HSO; = CeSOi*+H* (B)
CeSOZ* +HSO; = Ce(SO.),+H" (©)
Ce(SO.).+HSO; = Ce(SO.% +H* (D)

In the subsequent step which is slow and rate-determining the intermediary
complex decays because of the intramolecular redox reaction

Ce(SO.).—enol = Re+Ce(SO.); (E)
k

-3

and the formed intermediary radical is rapidly oxidized in the following step
k‘
R-+Ce(SOs);~ — P+Ce(SO.); (F)

The sumr of particular steps gives the stoichiometric equation the coefficients of
which were verified by polarometric titration.

On the basis of the values of consecutive complexity constants [9] Ki=ki/k.,=
3500, K;=k3/k’,=200, and K3=k3/k.;=20, we may assume for 1 M sulfuric
acid solution that the analytical concentration of the Ce(IV) ions [Ce(IV)]=
[Ce(SO4)37] [4] and thus it is valid according to the proposed reaction scheme

~dICeBOE 1 41 ce(80.57] [H*] - k[Ce(S0u)] [HSO:] +
+ ky[Ce(SO.)37] [R-] (2)
In a stationary state it holds
AR 1 [Ce(304): — enol]~ k-s[R+] [Ce(SO)z] -
— k[R+] [Ce(SO4)3] =0 3)
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By solving these equations, we obtain

_ d[Ce(S0.)37] k3k.Ki[Ce(SO.)3"F[H*] [enol] “
dr ~ Ki[HSO:] (k—5[Ce(SOs)z ] + ko[Ce(SO4)37]) )

At a low concentration of the Ce(1II) ions in solution the reverse step of reaction
(E) is much slower than the oxidation of the free radical, i.e.

k_5[Ce(SC:)7 ] < k[Ce(SOL):] (5)

and we may write

_d[Ce(SO.)37] _ kaKi[Ce(SO.)37] [enol] [H'] ©)
dt Ki[HSO:]

Theoretical rate eqn (6) is practically consistent with experimental rate eqn (1)
provided the concentration of the Ce(III) ions remains constant in the course of
reaction.

As we have already stated, the modified Belousov—Zhabotinskii reaction
system containing ethyl ester of 3-oxobutyric acid is noteworthy by the fact that it
exhibits oscillations of the concentration of the Ce(IV) ions without any induction
period and even in undisturbed state when the electrolyte is not stirred. The
reaction courses investigated spectrophotometrically are in good agreement with
polarographic results obtained by means of a rotating platinum electrode. These
facts suggest that a “homogeneous oscillation system” exists in this case. This
system might be mechanistically and mathematically analyzed more easily than the
Belousov—Zhabotinskii system containing malonic acid. Its merit may also consist
in the fact that the oscillations start immediately after mixing the components of the
system without any induction period.
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