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The BelousowZhabotinsky (BZ) reaction in a gel system was studied as a function of initial concentration
of substrates (malonic acid, sodium bromate, and nitric acid), through which the understanding of the reaction
mechanism has been attempted. We prepared gels composed of crosdNtiskedopylacrylamide networks

to which ruthenium catalyst was covalently bonded. To compare the period and waveform of the BZ oscillations
in the solution with those in the gel, an image processing method was developed and applied to the gel
system. We monitored the oscillating change in the mole fraction of oxidized ruthenium catalyst. The period
dependence on the initial substrate concentrations showed that there is a marked difference between the solution
and gel systems. In particular, malonic acid and Nagaffect the period over their low concentration ranges.

A marked effect of malonic acid concentration appeared in the waveform in the gel but not in the solution.
By analyzing these results with the Field6ros—Noyes (FKN) mechanism, diffusion limitation of substrate

and product was found to play an important role in the oxidizing and reducing rates of the ruthenium catalyst
within the gel system.

Introduction concentric or spatial pattern formations due to propagating
chemical waveg. Use of gels as a supporting matrix has
provided several advantages in the understanding of the BZ
mechanisn?. Through the video recording, the velocity of the

The Belousov-Zhabotinsky (BZ) reactioh,an oscillating
reaction accompanying a rhythmical change in the redox
potential, is a subject of both chemical and biological interest.

The understanding of the BZ reaction in terms of the Field BZ waves was determined and discussed in relation to the
Koros—Noyes (FKN) mechanisn* allows us to divide the kinetics of the autocatalytic reactloq step (process B). It is
overall reaction into three main processes: consumptionof Br 9enerally found that the results obtained from the gel system
ions (process A), autocatalytic formation of HBr(process B), may be compared with a theoretical prediction without special
and formation of B ions (process C). The elementary reactions care for effects of hydrodynamic convection.
which constitute each process have been elucidated by many We have attempted to induce the BZ reaction within the gel
researcherd® that undergoes a volume phase transition in response to changes

The BZ reaction in a thin layer of unstirred solutions, as well in the surrounding conditions such as solvent composition and
as in matrix-supported solutions, enables us the observation oftemperaturé=13 For this purpose, we prepared gels composed
of cross-linked\-isopropylacrylamide (NIPAAm) networks to

* To whom correspondence should be addressed. Ph#®4:298-53-  \yhich ruthenium tris(2,2bipyridine) (Ru(bpyj)), a catalyst for
4902. Fax:+81-298-53-6633 or 4605. E-mail: ryo@sakura.cc.tsukuba.ac.jp .

the BZ reaction, was covalently bound. The gel swelled at the
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of Ru(bpy}; the swelling-deswelling change took place gel was observed under a microscope (Leica, model M420)
periodically in a special case. The swellindeswelling cycle equipped with a black-white CCD camera (SONY, model SSC-
of a miniature gel piece was found to be synchronized with the M370) and a video recorder (Panasonic, model AG-6760). When
chemical oscillation. In the case of a rectangular thin membrane, a miniature gel piece whose size is smaller than the chemical
however, the mechanical oscillation was observed only at a wavelength is used, periodic changes in gel volume become
limited area of one end at the major a%¥.In this case, we significant. In this case, it has become apparent that the
may neglect the change in the gel volume during the BZ swelling—deswelling oscillations affect the profiles of chemical
reaction. This phenomenon was explained by a theoretical modeloscillations within the gel (we will report this feedback effect
simulationl213 from mechanical to chemical oscillation in the next paper). To
A possible observation of the redox oscillations within the minimize the mechanical effect and discuss the BZ profiles
gel phase allows us to directly compare with those in a stirred based on only diffusion effect, here we used the rectangular
solution. We recorded a color change on the inside of a thin gel strip under the condition that the total gel length changes
gel membrane due to the periodically occurring oxidation little. We used monochromatic light passed through a blue filter
and reduction of the Ru(bpy)moieties and converted the (Kenko B-390) on the halogen light source. Color changes due
recorded color change into a change of time-dependent 8-bitto the periodic oxidation and reduction of the Ru(kpypieties
gray scale at a fixed position on the gel. These procedures arewithin the gel were measured by means of transmitted light.
similar to Muler et al1* and Nagy-Ungvarai et &P who have The time-dependent change in transmittance was then converted
transformed the measured gray scale distribution in unstirredto gray scale changes. The video images were transferred
solution systems into the corresponding concentrations of through a digital time base corrector (FOR.A, model FA-310)
oxidized catalyst according to the LambeBeer law. Then, to a computer (NEC, model PC-9801RA) equipped with an
oscillating redox changes within the gel can be given in a image acquisition board (MICRO-TECHNICA, MT98-MN).
complete wave based on the molar fraction of the oxidized The redox reaction was thus recorded as 8-bit gray scale
species against time. The present study intended to see the aspeghanges.
of BZ oscillations in the gel system through comparison with A one-pixel line along the length of recorded gel image was

bulk oscillations. stored at regular time intervals (3 s). The stored pixel line images
were sequentially lined up as a function of time by the computer.
Experimental Section This image processing procedure constructs a spatio-temporal
. diagram. From the diagram obtained, the time-dependent change
Preparation of Poly(NIPAAm-co-Ru(bpy)s) Gels.Copoly- in the oxidized fraction of Ru(bpy)at a fixed position of the

mer gels cor!sisting of NIPAAm chains With covalently boqnd gel was expressed as 8-bit gray scale changes by using the image
Ru(bpy) residues were prepared according to our previous processing software (NIH image 1.61). To determine a base on
methods. NIPAAm (Eastman Kodak Co., Rochester, NY) was  he scale for completely oxidized Ru(bpy}he measurement
purified by recrystallization from its toluene solution with \yas carried out in an aqueous mixture of Cef@0.001 M)
n-hexane. Ruthenium(4-vinyl-methyl-2,2-bipyridine)bis(2,2 and HNQ (0.3 M), while pure water was used for the reduced
bipyridine)bis(hexafluorophosphate) (Ru(byyyas synthesized  ¢omplex. These procedures allow us to give the BZ reaction in
according to Ghosh and Spitd Both monomers (NIPAAM, e ge| as an oscillation of the mole fraction of the oxidized
0.156 g; Ru(bpy) 8.2 mg) were dissolved in 1 mL of Lree complex.

methanol and then _m|xefj with 2.8 mg BEN -methylenebi- Measurement of Oscillation Profiles in Bulk Solution. The
sacrylamide (cross-linker; Kanto Chemical Co., Tokyo, Japan) oqijiation of redox potential in the stirred aqueous BZ solution
and 6.6 mg of 2,2azobisisobutyronitrile (initiator; Wako Pure containing of MA, NaBrQ@, HNOs, and Ru(bpyiCl, (0.33m
Chemigal Ianstries (;o., Osaka, Japan). This monomer solutionM) was studied by the usual potentiometric method with a Pt
was quickly injected into a space (0.5 mm) between two Mylar ojecrode under air. The recorded redox potential was then

sheets which had been backed by a glass plate and separategyerted into the concentration of the oxidized complex.
by a Teflon spacer. The gelation was carried out at@Gor

18 h. To remove unreacted monomers, the gel membrane
obtained was immersed in pure methanol for a day without
stirring; this procedure was allowed to continue for a week with  Characteristics of the BZ reaction in the gel system would
fresh methanol. Finally, the purified membrane was carefully have some resemblance to that of gel-immobilized enzyme
hydrated through dipping it in a graded series of water reactions. For the latter, the effects of immobilization have
methanol mixtures, for 1 day each in 25, 50, 75, and 100% been classified as follows: (i) conformational and steric effects;
(v/v) of water. The immobilization yield of Ru(bpy)within (i) partitioning effects; (iii) microenvironmental effects; and
the gel was 5% (of the total monomer used in the polymeriza- (iv) diffusional or mass-transfer effects (e.g., see ref 17). All
tion), as estimated from the amount of the complexes extractedeffects other than conformational changes and steric hindrances

Results and Discussion

with methanol. alter the rate of immobilized enzyme reaction by causing
Measurements of Oscillation Profiles in Gels.The gel differences between the bulk and matrix phases in the concen-
membrane was cut into rectangles (side lengths, abou0 trations of substrates, products, and effectors. Thus, a kinetic

mm); the section was then immersed into 8 mL of an aqueous study of the reactions in the bulk and the immobilized system
solution containing malonic acid (MA), sodium bromate, and as a function of initial substrate concentrations would be a classic
nitric acid maintained at 26C. In general, sulfuric acid is used  and reliable approach for seeing this aspect of the gel-supported
as an acidic medium in the BZ reaction. In a series of our studies BZ reaction.

for the gel system, however, nitric acid has been used because In the present case in which oscillating redox changes take
the swelling difference between Ru(ll) and Ru(lll) states is more place, however, one should encounter a principal difficulty about
remarkable (see ref 9). Therefore, we used nitric acid also in how to estimate the oxidizing and reducing rates. To overcome
this experiment. In the condition that the total length of the gel this difficulty, we attempt to examine the period and waveform
changes only a little, the propagation of chemical waves in the of oscillations in the solution and the gel system as a function
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Figure 1. Plots of period against the initial concentration of a substrate Fro_m the_ results ir_] Figures 1 a_nd _2: we can clearly say that
under fixed initial concentration of the others for the solutia) &nd there is a difference in the BZ oscillations between the bulkand
the gel @) system. gel systems. Several marked features showing this are as

follows: (i) Concentration dependence becomes stronger in the
of initial substrate concentrations. In particular, we expected gel system than in the solution system. (i) At [MA] and
that a detailed analysis of the waveform would provide use- [NaBrOs] > 0.3 M, however, there is little difference between
ful information about diffusional or mass-transfer effects of the solution and gel systems. (iii) HN®@as an opposite effect
substrates and/or products on the oxidation and reduction ofon the period of oscillations in the solution and the gel system.

the ruthenium complex bound to the polymer networks in the (iv) However, the magnitude of this effect in the gel system is
gel. smaller than that in the solution system (in other words, in the

Period Dependence on Initial Substrate Concentrations. ~ 9€l: T little depends on [HNG]). These results could be

The period of the BZ waves in solution systems varies understood by considering the usual immobilization effect; i.e.,
depending on the initial concentration of the substrit@he difficulties in the diffusion or mass transfer of the substrate (from

period should be an indicator for the overall reaction, through Lhelkbuék to tthg gel) SSI Wf.” as tfhfhpmdtjhd ()‘rom thf Ige![ toFthe
the measurements of which we first tried to look at differences °! ) due to immobilization of the ruthenium catalyst. For

. . ._example, the observed effect of MA at low [MA] levels would
between the bulk and gel systems. Figure 1 shows logarithmic be explained by assuming that the rate of reduction of the Ru-

plots of the period T in s) vs initial molar concentration of one (Ill) becomes slow because of a limited diffusion of MA from
substrate under fixed concentrations of the other substrates. Athe bulk phase. In contrast *Hons are consumed durina both
good linear relation was obtained not only for the bulk solution the formgtion c')f HBIG anc;l the oxidation of the Ru(lg but
but also for the gel; thus, we may expréBas a[substrate] produced in the reduction of Ru(lll) with MA (see the
wherea andb are empirical constants and brackets denote initial elementary reactions in the FKN mechanism; Table 3.1 in ref
molar concentration. Since our measurements of oscillations 4). Thus, little influence of [HNG] due to the £ransfer O'f H
were completed while a few percent of the initial quantity of ;Jn< from the bulk to the gel phase would be observed. Solely
the substrates were consumed, [substrate] at a certain measuring, e pasis of the period dependence on initial substrate
time may be approximated to its initial concentration. concentrations, however, it is rather difficult to discuss in full
As shown in Figure 2, each result in Figure 1 for the solution the immobilization effect on the oxidation and reduction rates
or the gel system can also be expressed by a linear line;of the ruthenium complex.
therefore, we may obtain the following empirical relations: For  Regions of Initial MA and NaBrO 3 Concentrations for
the solution system, Stable Oscillations. Prior to the analyses of the waveforms
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[MA]/M Before comparing the waveforms in the solution and the gel

system, we will provide the outline of mathematical treatments
of the FKN schemé:* According to this scheme, the overall
reaction may be divided into the following three main processes:

Figure 3. Phase diagrams of stable oscillating region given by the
initial concentrations of malonic acid and sodium bromate under a fixed
concentration (0.3 M) of nitric acid.

based on oscillating concentration changes of the oxidized (or A: BrO; + 2Br + 3H" — 3HOBr
reduced) ruthenium complex, we studied the substrate concen- _ n
tration ranges at which a stable and periodic oscillation takes B: BrO; + HBrO, + 2Moy+ 3H" —
place. Figure 3 shows typical examples of [MA] vs [NaBfO 2HBro, + 2M,, + H,0

lots at a fixed [HNG@] (0.3 M). There are the upper and lower
IFi)mits of [MA][and][(NaBr(%g] bringing abOlE)tp stable Bz  C° 2Mo+ MA + BrMA —
oscillations. At [HNQ] = 0.3 M, the region between both limits fBr~ + 2M
is narrower for the gel than for the solution.

The regions for all of the substrates including HN@ading
to stable oscillations are summarized as follows. For the solution, To mathematically express the FKN scheme, the Oregonator
0.05 M < [MA] <2 M;0.05M < [NaBrOs] <1M;0.2M < modef has widely been employed. Figure 4 shows schematic
[HNOg] < 1 M. For the gel, 0.02 M< [MA] < 0.5 M; 0.02 M illustration of evolution of HBr@—, Br—, and M, concentrations
< [NaBrQs] < 0.5 M; 0.3 M < [HNOg] < 0.8 M. numerically simulated from the Tyson verst®wof the Orego-

A shift of the upper limit to a low concentration range, the nator model.
trend of which is observed in the gel system for all the substrates, Let us compare the waveform from the theoretical model
is the prime cause of narrowing the region in which stable simulation with our experimental results. Figure 5 shows typical
oscillations take place. Another trend of the gel system is that oscillating profiles obtained in the bulk system. The results are
at all of the concentrations bringing about the oscillation, the arranged in such a way that the concentration of either MA or
period becomes longer as compared with the solution system.BrO;~ is varied over a wide range at a fixed concentration of
In general, the oscillation period in reactiediffusion systems the other two, the value of which are sufficiently high to generate
becomes shorter than that in bulk oscillations (see Figure 2b in stable oscillations (see Figure 3). A decrease in the substrate
ref 19) under the same concentration of substrates. From theseoncentration causes an increase in the period without a large
results, it is suggested that an effect other than organization ofbroadening of the peak width, even when not only [MA] but
traveling waves acts on local oscillations in our gel system. also [BrGQ;~] was varied. This clearly indicates that neither
These would be again interpreted in terms of a limited diffusion process B (oxidation) nor process C (reduction) is a rate-limiting
or mass-transfer of the substrates. Even when the concentrationstep in the overall BZ reaction, at least under our experimental
of two substrates (e.g., MA and HNJDare sufficiently high conditions (compare Figure 5 with Figure 4). In other words,
within the gel phase, a limited diffusion from the bulk phase of process A, corresponding to the consumption of bromide ions,
another substrate (BiO) fails to generate the BZ oscillations. becomes a dominant factor in increasing the period. This is

req T Other products



Belousov-Zhabotinsky Reaction in Polymer Gels J. Phys. Chem. A, Vol. 103, No. 43, 1998677

(b)

(a)
0.01 [NaBrO,] = 0.25 M
[MA]=0.312 M
- 02 |
0 KAAANNANAAAANAANAN
0.02
| [MA]=0.187 M
0.1 |
0.01 |
E 0 % 0 L J .J 1l Jk\ J
s 0.04 E 0.2
g [MA]=0.125 M ° [NaBrO,] =0.2 M
© Q
< 0.03} 8
3 P
[=] =
o 0.1
= =
0.02
0
0.01} 0.1 [NaBrOg] =
DU o
o bt L__] o .
0 100 200 300 0 200 300
Time/s Time/s

Figure 5. Oscillating profiles of redox changes given by mole fraction of oxidized catalyst in bulk solutions containing different initial concentrations
of MA (a) and NaBrQ (b). [MA] was varied at [NaBrG = 0.3 M, [HNO;] = 0.3 M, while [NaBrQ] was done at [MA]= 0.0625 M, [HNQ]
=0.3M.
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Figure 6. Oscillating profiles of redox changes given by mole fraction of oxidized catalyst in gels containing different initial concentrations of MA

(a) and NaBrQ (b). [MA] was varied at [NaBrG = 0.084 M, [HNG] = 0.3 M, while [NaBrQ] was done at [MA]= 0.0625 M, [HNQ] = 0.3
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identical with the results by Krinsky et 8. Thus, a decrease in the initial concentration of NaBrhas a strong effect on
in the overall reaction rate in process A allows for the ruthenium the period; that is, an increase in the period both in the gel and
complex to hold on in the reduced state for a long time. This the solution system. (iii) The substrate concentration little affects
agrees with the fact thdi; in eq 2 is more sensitive to [BEO] the waveform in the solution, while the waveform in the gel
than [MA]. was changed with the initial concentrations of substrates, in

As can be seen from Figure 6, the effect of the substrate particular with a decrease in the concentration of malonic acid.
concentrations on the waveform in the gel system is markedly (iv) Analyses of the observed changes in the waveform with
different from that in the solution system. A decrease in [MA] the Oregonator model strongly suggested that a limitation of
causes a slow reduction of the Ru(lll) in process C due to a the diffusion of the substrates from the bulk to the gel phase,
lowering of mass-transfer rate of MA molecules. This is the as well as of the products from the gel to the bulk phase, plays
reason for a gentle fall in the mole fraction of the oxidized an important role in the oxidizing and reducing rates of the
species after the attainment to a maximal value (see Figure 6a)ruthenium catalyst.
With respect to the effect of NaBeDFigure 6b indicates that ) )
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