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Abstract: In this work we present results about the deuteiigotope effect on the global
kinetics of a Belousov-Zhabotinsky reaction in batonditions. A nonlinear dependence
of the Induction Period upon the percentage ofatated reactants was found. The isotopic
effect on the bromination reaction of malonic as@s evaluated.
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1. Introduction

The Belousov-Zhabotinsky (BZ) reaction represemesnhost famous example of chemical oscillator
[1]. Briefly it consists of a catalytic oxidatiorf an organic substrate with active methylenic gmuyy
bromate ions in acidic aqueous solution. The mestwsubstrate is malonic acid (MA), catalysts are
generally metal redox couples (Ce(IV)/Ce(lll), Mi(Mn(ll)) or metallo-complexes (ferroin,
Ru(bpy}™).

From 1972 various detailed kinetic models have h@eposed to explain the oscillatory behavior
of the BZ reaction. The first and simplest is kncagnthe FKN [2], which involves 18 elementary steps
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and 21 chemical species but can be simplified cemsig the role of three key species: HBr&s
exchange intermediate, Bas control intermediate and®Mi.e. the oxidized form of the catalyst, as
regeneration intermediate. Successively other nsotale been proposed to improve or fix some
aspects of the FKN mechanism: the radicalator m@jethe GTF model [4] and the MBM model [5].

Isotopic effect due to the Hydrogen substitutionDButerium is a subject of widespread interest
among the chemical kinetics discipline. Severalanorg and inorganic reactions (enolization,
substitution, exchange) have been studied in teefpaa large class of compounds. The implications
of the H-D substitution are also important for tkieetics and the rate of more complex reaction
mechanisms. As an example, in the past, the keetit the isotope exchange reactions of
RCH(COOH) (R=H, D, Me, Et, Bu, and Ph) in,D solutions were studied by usiflgl NMR
spectroscopy, and the implications for the BZ rieadhave been discussed [6].

The influence of deuterated compounds on the gl&lmdtics of BZ reaction was discussed by
Karavaev et al. for Ru-catalyzed systems [7]. Isvi@und that the substitution of;®@ by DO as
solvent caused a complete suppression of the atseglregime.

In our study we found a nonlinear increment of th@uction Period (IP) upon the addiction of
deuterium substituted reactants for a Ce-cataligzedystem.

The Induction Period is the preoscillatory stagevhich [Br] is increased and brominated organic
species are accumulated. According to the GTF mptlethe length of IP is determined by the
concentration of bromomalonic acid (BrMA). The dal@mount of BrMA necessary for the onset of
oscillations is produced through two main pathwdg3:the bromination of the enol form of malonic
acid by Bp and (b) the reaction betweenBBind the malonyl radical formed in the Ce-MA sulsys
[8]. Previous works showed a direct relationshipieen the enolization constant of different organic
substrates in BZ-like oscillating systems and #rgyth of the IP [9-11].

In this paper we evaluate the effect of hydrogemteltum substitution for reaction pathway (a).

2. Experimental Section

Isotopic effect on bromination reaction was evadatfollowing changes in the bromine
concentration with a double beam spectrophotom@®TROSPEC 2000 UV-VIS, Pharmacia
Biotech) atA = 500 nm, where Brhas an absorption shoulder and its molar extinatmefficiente is
37.5 M* cm*. Measures were performed in thermostated quavtzts (1 x 1 x 4.5 cm) at 20 °C. The
spectrophotometer was connected to a PC for dat@aget and treatment. All reagents were of
analytical grade (SIGMA) and they were used with@wther purifications. The following stock
solutions were prepared: B§d Hy(D2)SO, 0.5 M, Br 0.97 M and malonic acid (MA) 0.5 M, reagents
were dissolved in double distilled water and/or98% D,O (SIGMA). Effective deuteration of the
methylenic group of MA was checked by NMR measurements, which showed a signdla3.388
ppm corresponding to the Gknd a signal ab= 3.247 ppm corresponding to CHD for deuterated
solutions. The intensity of the signal was promovél to the percentage otO used to dissolve MA.

Solutions at known bromine concentrations were gmegb according to the following reaction:

BrO, +5Br +6H" — 3B +3H, C 1)
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All  solutions were prepared in stoichiometric prdmpms immediately before each
spectrophotometric run. Solutions at different kngBr,] were used to calibrate the instrument both
in H,O and BO.

Measurements of BZ Induction Period were performgth a double beam spectrophotometer
(Varian, 634 series), in thermostated quartz cegdft x 1 x 4 cm) at 20 °C following the behaviér o
Ce(IV) atA = 320 nm. BZ oscillators in # and DO were prepared using following stock solutions:
CeSQ 2H,0 8 x 10* M, MA 0.6 M, NaBrQ 0.18 M; each stock solution was 1 M3®, or D,SO..
Reagents were prepared both in double distillecemaind 99.98% ED (SIGMA). BZ systems were
prepared mixing normal and deuterated reagentsiffareht proportions, in order to get a final
composition of [MA] = 0.1 M, [BrQ]; = 3 x 10° M, [Ce} = 1.3 x 10° M and 1 M H (D»)SQs, where
[X]: indicates the sum of deuterated and normal reagent

3. Results and Discussion

Figure 1 shows the comparison between a BZ reautittnfully deuterated reagents (Figure 1a) and
a BZ reaction in KO (Figure 1b). The effect of deuterium substitutiernot as dramatic as in the
Ruthenium catalyzed BZ systems, where oscillatiares completely damped [7], nevertheless the
global kinetics of the reaction results slower. Aidth of deuterated reactants does not alter the
qualitative profile of the absorbance as a functdriime but influences the oscillatory parameters.
This fact is particularly evident from a markedbnger Induction Period, from 150 seconds p©OHo
390 seconds in fD.
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Figure 1. Comparison between a BZ reaction iga) and in HO (b) at 20 °C. Temporal series
were recorded at = 320 nm where Ce(IV) has an absorption maximuon béth systems the
following reactants concentrations were used: [MA].1 M, [BrQ;] = 3 x 10° M, [H,SO,] =1 M and
[Ce] = 1.3 x 1G M.
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Figure 2. Dependence of Induction Period upon percentagewterated reactants at 20 °C for BZ
reactions with the following composition [MA] = OM, [BrOs] = 3 x 10° M, [H,SQ,] =1 M and
[Ce] = 1.3 x 1G M.

Kreuels et al. [12] found a linear,O dosage dependence of the oscillation frequen&y [Oth at
low (increased OF) and high (decreased OF) catafystentration. In our experimental condition the
oscillation frequency was found substantially ineleglent from RO dosage, in fact it changes from
0.023 Hz in HO to 0.021 Hz for fully deuterated reagents.

On the contrary, respect to data on the oscillatrequency, a nonlinear response of IP D
content was found. The dependence of IP upon theepige of deuterated reactants present in
solution is shown in Figure 2. The monotonic ineesaf IP is in line with an expected isotopic efffec
which generally slows down rates of elementarytieas with proton involvement [13].

As stated before, to understand the IP behavionwestigated the bromination reaction of malonic
acid through its enolic form. For practical purpodieis study reduces to the investigation of thim-ke
enolic equilibrium, which is the rate determinateps[14,15]. According to the GTF model, the
bromination proceeds as follows:

CH, (COOH), E@j (COOH)CHC(OH) )
(COOH)CHC(OH) +Bs0'A— BrCH(COOH) +H +Bi (3)
CH, (COOH), +HOBI 1. BrCH(COOH) +H ( (4)
HOBr+Br +H' Q@@ Br,+H,0 (5)

Where CH(COOHY);, is the keto form (MA) and (COOH)CHC(O#is the enolic form (ENOL).
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It has been shown [15] that HOBr in reaction (4¢slmot compete with Brhence the kinetics of
bromination is well described by steps (2), (3) &) In particular we were interested in the fixgb
steps. The global reaction rate can be writteeiims of Bg disappearance [14]:

dBy

——2 =k, [ENOL][ Br,] (6)
dt
From equations (2) and (3) we know that:
%:h[MA]-k_l[ENOL]-kZ[ENOL][Brz} )

We can consider some approximations: in strong@amdium (0.05 M < [kISOy] <1 M) [MA] is
approximatively equal to the analytic concentratftA] o and being k >> k; [16], the variation of
enol concentration with time is close to O (stesidye approximation) [14]:

d[ ENOL] - @)
dt
It follows that:
k,[MA
[ENOL] =M 9)
k.,+k,|Br,]
Substituting in (6):
d[Br,] kK, [Br,|[MA], (10)

dt  k,+k,[Br]

Finally, in our experimental condition we know the{Br,] >> ki, so at the end we get the
operative equation to calculate enolization ratestant:

diBr,]

o =k [MA], (11)

Equation (11) describespseudo zero order kinetics.

Figure 3 shows the absorbance plots gf &yainst time during the halogenation of malonid &t
D,O (Figure 3a) and ¥ (Figure 3b). The linear trend of Bdisappearance confirmed an effective
zero order reaction both in,® and BO solutions. In our experiments we used [MA] = O\25or all
spectrophotometric runs and we varied;]Rretween 7.5 x &M and 5.2 x 18 M, Br, was produced
in situ according to reaction (1).

Using calibration curves and equation (11) we finabuld calculate enolization constants from
spectrophotometric data for,8 system (K' = 2.025 x 16 s?, slightly lower than that reported in
literature at 25 °C, 3 x T0s?) and DO system (K = 2.666 x 10 s). The value of the ratio ¥k, =
7.6 suggests a primary isotopic effect [13] du¢ghwD-H substitution of the methylenic hydrogens of
malonic acid.
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Figure 3. Disappearance of Bfollowed spectrophotometrically at 500 nm ip(Hsyatem (a) and JD
system (b). Solution composition was [MA] = 0.25 [8r,] = 7.5 x 10° M.

In conclusion, we showed how the progressive suwitistn of deuterated reactants in a Cerium
catalyzed BZ reaction caused an increase in thactiwh Period length. Data on the bromination
reaction revealed a primary isotopic effect ondhelization kinetic constant of malonic acid, whinh
turn determined a slower production of bromomaloa@d contributing to a delayed onset of
oscillations. In order to fully understand modificas induced by deuterated reagents to the BZ
system, also the BrMA production occurring throtlyé reaction between Band the malonyl radical
should be investigated. A deeper investigationreanlt in a better understanding of experimenttd da

reported in Figure 2.
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