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The oscillatory fluorescence of the Ru-ion-catalyzed Belousov—Zhabotinsky reaction has been
studied and analyzed in relation to the fluorimetric behavior of the isolatéoppg ™ ion. Here we

show how different forms of fluorescence oscillations, observed at various excitation wavelengths
and Rubpy)3" concentrations are due to an inner filter effect of the isolate@®05* ion. Three

types of phase relationships, i.e., in-phase, opposite-phase, and complex phase relationships,
between oscillatory fluorescence and the oscillatorfbRy)3™ concentration can be predicted and

have experimentally been observed. 195 American Institute of Physics.

I. INTRODUCTION inner filter effect curve three types of fluorescence oscilla-
tions can be predictétiand which have now experimentally

The Belouso¥-Zhabotinsky (BZ) reactiof? is the been observed. We denote them as in-phase, out-of-phase,
metal-ion catalyzed oxidation and bromination of an organicand intermediate type of phase relations between oscillatory
substratgmostly used is malonic acidy bromate in a sul-
furic acid solution. Even in batch, the BZ medium can ex-
hibit a variety of phenomena often observed in biological 9 1 9
systems, including excitabilify, pulse propagation,
bistability® and a variety of complex oscillatory behavior
and also chaos/irregular behavior.

The chemical mechanism of the BZ reaction is quite
well understood, notably due to the cornerstone work by —_— 3
Field, Koros, and Noye$FKN).° A mathematical skeleton of
the FKN (Ref. 9 mechanism, the so-called Oregondfbr,
much refined during the last yedrsis able to simulate most

of the dynamic behaviors that have been observed experi- 4
mentally. € /
Oscillations are often recorded electrochemically, either ’ /4
by monitoring the bromide ion concentration with a bromide // , /,
ion selective electrode or by measuring the redox potential ] /
with a platinum electrode. Spectrophotometry is also used, 4 // , /,
because the metal-ion catalysts form often colored com- " 6 [ 1 % /
plexes with a variety of ligands. The oscillations may be- Z \\// //4 /,
come quite spectacular whdRu(bpy);]°" is used as the T '/
catalyst and the reaction solution is illuminated with UV- // - /,
light in a dark roont2 In this case the oscillations are seen as V| - '/
the periodic alternations between orange fluorescence and /4/_ //
darkness. Also pattern formations in thin unstirred layers due 17 - ’/
to the light-sensitivity of the Ru-ion have been observed and // - //
may even temporarily store graphical informatidn. L 1° s
When electrochemical or spectrophotometric recorded 8\ 4 7

oscillations are compared with corresponding oscillations
followed by fluorimetry, the fluorimetric records can show
deviations in the shape of the oscillatidsThe reason for , // //
such deviations is not understood.
In this paper we show that various fluorescent oscillatory cetch of fluorimetric cell with Ptcl 0 |
waveforms which deviate in form from their corresponding'C: 1= Sketch of fluorimetric cell with Pt-electrode and capillary double-
. . . . unction gel Ag/AgCI reference electrode. Left: side view; right: frontal
concentration oscillations are due to an inner filter effect thaiew with cell. 1, Pt-wire: 2, Ag-wire of reference electrode: 3, Teflon stop-

can be observed in isolat¢Ru(bpy);]*" solutions. From the  per; 4, inner glass capillarii.3 mm diam with Ag-wire in 1% Agarose gel
in half-saturated KCI; 5, outer capilla2.4 mm diam with 2.5% Agarose
gel in half-saturated KN@solution; 6, body of cell made of quartz glass
dNorwegian Institute of Technology. (Suprasil, Heraeus Quarzglas GmbH, Germany; 7, ¥5afhreacting solu-
YTo whom correspondence should be addressed at Stavanger College. tion; 8, stirring bar.
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FIG. 2. Three-dimensional fluorescence spectrum>f® * M Ru(bpy)3* in 1 M sulfuric acid. EM and EX denote emission- and excitation wavelengths
and \.,, respectively. The two peaks in frofet \.,~600 nm) are the fluorescence peaks. The third peak in the laldkhg the line\,,=\¢,) is due to
Rayleigh scattering.

fluorescence and the oscillatoiu(bpy)s]** concentration. interfaced to a personal comput@®C) and spectra or time
measurement data were recorded and stored on disk.

Il. MATERIALS AND METHODS Redox potentials of the oscillatory system were recorded

simultaneously with the measurement of fluorescence. For

this purpose a capillary Ag/AgCl double-junction gel-
All chemicals used are commercially available. With theelectrode was made for use in the fluorimetric cell. A sche-

exception of Ru(bpy);]Cl,-6H,0 (Aldrich, USA), all chemi-  matic picture of the cel(Hellma, Germanywith the capil-

cals were used without further purification. Since @an  |ary reference electrode is shown in Fig. 1. As a working

inhibit'® BZ oscillations,[Ru(bpy)]Cl,-6H,0 was also re- electrode a Pt-wire was used. The redox oscillations were

crystallized into the corresponding sulfate salt by adding Jecorded digitally by means of a data acquisition boab

m/ of a 5 M sulfuric acid dropwise into a saturated aqueouspC+, National Instruments, USRand stored on a disk.

[Ru(bpy);]Cl, solution. The precipitated sulfate salt was

separated by filtration and was further purified by washing

with ethanol and finally with diethylethéf. The yield of ¢ computations

[Ru(bpy);1SO, formed by this procedure was about 10%. . i
However, due to the low catalyst concentrations applied in Double-precision computations were performed on a PC

our experiments, we did not find significant differences in°Y integrating the rate equations of the Oregonator model

shape of oscillations or in the quenching behavitecrease With the FORTRAN subroutinet SODE*
of amplitude of the fluorescence oscillatipighen chloride
or sulfate salt was used.
All oscillators were run at 25 °@+0.1° in a 1 M sul- Il RESULTS AND DISCUSSION
furic acid with an initial malonic acigKoch-Light, Englandl  A. Fluorescence behavior of the isolated [Ru(bpy)  3]?*
concentration of 0.3 M and an initial NaBs@Merck, Ger-  ion
many) concentration of 0.1 M. The initigRu(bpy)s]>* con-
centration was varied in the range 10 ° M—5x10"% M.

A. Chemicals

Figure 2 shows the fluorescence spectrumfif * M
Ru(bpy)3™ in 1 M sulfuric acid. The same spectrum is ob-
served in the oscillatory BZ reactiguising the same initial
Ru-ion concentrationexcept that in the BZ reaction the

Fluorescence intensities were measured in a spectrofludreights of the fluorescence peaks oscillétee oscillatory
rimeter(Hitachi F-4500, Japarwith magnetic stirring in the behavior of these peaks is described in the next section
cuvette. The cell and excitation/emission beam arrangement When studying how the fluorescence emission intensity
has a standard orthogonal dest§n® The fluorimeter was @ depends on théRu(bpy);]*" ion concentration an inner

B. Experimental techniques
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with increasing concentration of the fluorescent compound,
o 18,19
ie.
D40 .
D=1y Qs(1-10" ), 1)
Ay =400 nm . . . . . L
2 wherel y is the intensity of the incoming excitation bea@y,
is the quantum yield, while is the molar absorptivity of the
fluorescent compound; is its concentration, andl is the
length the beam has to travel through the absorksmp
0 fluorescent medium.

0.00 0.25 Ru ((I)i?]O - 0.75 1.00 However, in case of a standard orthogonal and rectangu-
’ lar beam/cell arrangement, the photomultiplier tube senses
FIG. 3. Inner filter effect as a function of the wavelength of the excitation only part of the emitted fluorescence radiation. For high con-
radiation. ®sg, is the intensity of the emitted fluorescence measured at 59ccentrations of the fluorescent compound, strong absorption
nm. (a) showsdsg, for excitation wavelengthie, at 525 nm, 500 nm, 475 (and fluorescengemay occur even before the excitation
nm, and 450 nm. The inset shows the detalls whgris 450 nm, 475 M, o4 enters the measuring area of the photomultiplier. Thus,

and 500 nm at low Ribbpy)3" concentrations(b) shows®xg, for A, at 450 . .
nm, 425 nm, and 400 nm. Note that (@ the inner filter effect curves are @S the concentration of the fluorescent compound increases

getting more narrow ak,, goes from 525 nm to 450 nm. lh) however, the ~ an apparent decrease in fluorescence in the measuring zone
inner filter effect curves get broader againagdecreases further from 450 mgy be found. Under such condition®, will depend on

nm to 400 nm. Open and solid symbols represent experimental data. Soli . . . . .
lines show the fit of experimental points to the trial functidrsgg (d’oncemratlorc according to the relationshisee Appendix

= Ag[Ru(ll)]eBelRUDI For the trial function, the followingA.,,B.,) val-

ues were obtained for the following excitation wavelengths: 525 nm, P=21,-0:10¢"2 sinh2.303Ccx 2

(2.53x10° M1, 1.16x10° M™Y); 500 nm,(4.9x10° M2, 2.26x10° M~ Y); 0 Qs A ) )

475 nm, (1.63x10° M1, 7.68<10° M™Y); 450 nm, (2.72x10°F MY,

1.37x10' M7Y); 425 nm, (2.11x10° M™%, 1.17x10° M™Y); 400 nm,  wherex is the half-width of the measuring arésee Fig. 11

(1.10<10° M, 6.53<10° M ). in the Appendi¥. Only at low concentrations, a linear re-
lationship betweerd andc may be observed.
For the Ripby)3* ion, the inner filter effect is dependent
on the excitation wavelengttFig. 3. At \.,=450 nm the
filter effect is observed. This means thhtdecreases with inner filter effect is strongesfi.e., the ®5o—[Ru(bpy)3*]
increasing concentration after a certain concentration in theurve is narrowest; see Fig},3vhich is in agreement with
fluorescent species has been reacfiéd. that at this wavelength the absorption by (Ray)3" has a
If we assume thatall absorbed excitation radiation maximum(Fig. 4). The strong absorption at 450 nm and the
within the fluorimetric cell is converte@@o a certain extent  corresponding inner filter effect can also be recognized in the
to fluorescent radiation and measured by the instrument, thiaree-dimensional spectrurtFig. 2); at \.,=450 nm the
fluorescence intensityp should show saturating behavior fluorescence intensitfsq, Shows a minimum.
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FIG. 5. (a) Different fluorescence oscillations at an emitted wavelength of 590 nm. In all ¢asds) the initial Ru-ion concentration is>510™4 M.
Excitation wavelengthga) 525 nm;(b) 475 nm;(c) 425 nm;(d) 400 nm. The oscillations were recorded approximately 5—6 min after mixing of the reagents.

direction of a more reducing potentigle., towards a higher
In{[Ru(1)J/Ru(IN )]} ratio). From these observations we con-
o . clude that during the oscillations the average concentration
The fluorescence emission spectrum for(tt;xfcnla_\tory of Ru(ll) increases. In fact, we will show how such an in-
BZ system is the same as for the isolatediRy);" (Fig- 2 crease can explain the gradual change of the fluorescent os-
except that the fluorescence peaks are now oscillatory. Ajjjation shape at Ru-ion concentrations ok%0 % M or
closer inspection revealed that the form of the fluorescencgigner [Fig. 6a)]. Slight differences in this behavior were
oscillations at 590 nM®sqo) is significantly dependent on foynd when either using the commercigRu(bpy)sICl,
the excitation wavelengtR,. Figure 5 shows how the form .g1.0 salt or when using the self-prepared sulfato salt.
of the dgq, Oscillations changes agy is varied from 525 nm  \whjle in both cases the fluorescence intensibyg, is
to 400 nm. o . _,  strongly dampedquenchegiat higher initial Ru-ion concen-
When using an initial catalyst concentration of 50 trations, we found that when usif@u(bpy)s]Cl, the fluo-

M, visual inspections showed that during the first 30 min ofrescence intensity®sy, became slightly more rapidly

oscillation the color of the reacting solution alternatae+d be-gquenched in comparison with the sulfate salt.
tween greerjoxidized form of the catalyst, i.e., Ropy)3™] o .
and oranggRu(bpy)3*]. However, the green color slowly 2. Dependence of initial Ru(bpy) 5* concentration

disappeared during this period and the solution remained or- We also found that the form of the fluorescence oscilla-

ange, while redox oscillations’ amplitude increased in thetions is dependent upon the initial R concentration. Fig-

B. Oscillatory behavior of fluorescence

1. Dependence of excitation wavelength
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FIG. 6. (a) Damping(quenching of fluorescence of a BZ oscillator with an
initial Ru(ll) concentration of %10™* M. The excitation wavelength is 450
nm. Note the gradual change in the shape of the oscillatii)sSame
system as irfa) but with an initial Rull) concentration of &107° M. Note
the appearance of an induction period.

ure Gb) shows that when the initial Rli) concentration is

decreased, oscillations become single-peaked. In addition,

the d5q, oscillations are not damped and amplitude may in
fact increase with tim¢Fig. 6(b)]. With a decrease in the

initial Ru-ion concentration, the appearance of an induction

period is also observed. In accordance with other clag3ical
catalyzed BZ systenté, the length of the induction period
increases as the initial Ru-ion concentration decreé&da&s
not shown.

C. Relationships between inner filter effect and the
form of fluorescence oscillations

The reduced form of the Ru-catalyst, ®py)5', is the
fluorescent species. At very low RL) concentrations there
is a linear relationship between fluorescence intenbignd
[Ru(ll)]. Figure 1a) shows that under such conditions, oscil-
lations in Ruyll) concentration will lead to corresponding

lationships in the BZ reaction

[Ru(ID}

{Ru(Ib}
C

]

A
A

|94 4

FIG. 7. Phase relationships between oscillatoryIRuconcentration and
oscillatory fluorescence intensith in relation to an inner filter effecta)
positively correlated in-phase oscillations betwdeand[Ru(ll)]; (b) nega-
tively correlated opposite-phase oscillations betwderand [Ru(ll)]; (c)
complex oscillations iP when[Ru(Il)] oscillations cover th& maximum
of the inner filter effect curve.

in-phaseoscillations in®, i.e., whenevefRu(ll)] in- or de-
creases thed also in- or decreases, respectively.

In the casdRu(ll)] oscillates at very high concentration
values, theb-[Ru(ll)] relationship will be on the descending
branch of the inner filter effect curny&ig. 7(b)]. In this case,
an increase in the Rli) concentration will lead to a decrease
in @, while a decrease ifRu(ll)] will lead to a increase in
®. Therefore, oscillations ifRu(ll)] in such a high concen-
tration range will lead tab oscillations which are ilmpposite
phase to th¢Ru(ll)] oscillations[Fig. 7(b)].

A third alternative for the shape df oscillations is pos-
sible when the range ofRu(ll)] oscillations covers the
d-maximum in the inner filter effect cunfé&ig. 7(c)]. In this
casecomplex® oscillations are observed as the (Rucon-
centration oscillates around tide maximum.

D. Simulating the form of ®g4, oscillations as a
function of excitation wavelength

A semiquantitative mathematical description of the BZ
oscillations can be obtained by the Oregonator model. In its
original® form the Oregonator consists of five pseudoele-
mentary processg©1)—(05),

A+Y—X+P, (01)
X+Y—2P, (02
A+X—2X+Z, (03
2X—A+P, (04)
Z— 1Y, (09
with the rate constant valu® ko;=1.3 M is?

Ko=2Xx10° M7ts! kos=34 Mis! kg=3x10°
M~1s1 kos=0.02 1. The factorf is a time constant; in
the calculations here we uge=1.0. The concentration vari-
able assignment isA=BrO;, X=HBrO,, Y=Br-,
Z=2Rulll), and P=HOBr. The kinetic active components
areX,Y,Z with [A]=0.1 M.

In the Oregonator the maximui value is 2.6510 2
M, which is much too high compared to the initial concen-
trations used in our experiments:5x10"4 M). In order to
fit the OregonatoZ-concentration values to the range used
in the experiments, we consider the following scaled mass
balance:

Downloaded-14-Dec-2002-t0-129.170.56.15%: SFeMstAYSon YRl 03 Ap28 Lk 95 copyright, ~see-http://ojps.aip.orglicpoljcper.jsp



G. M. Solli and P. Ruoff: Phase relationships in the BZ reaction 1445

50 | 1 I 1 90 1 I 1 I
80 |
40 |-
70
30 1 60
50 |
20 40 -
30 | -
100 A Ao =525 nm B A,=475 nm
20 |- -
0 | ] 1 ] 10 1 1 1 |
@ 0 200 400 600 800 0 200 400 600 800
590
70 T T T T 70 T T T T
60 | i 60 LN
50 F
50 | -
40 |
40 -
30 |-
30 =—J 4
C A =425 nm 20 D A, =400 nm T
20 1 ] 1 ] 10 | | T |
0 200 400 600 800 0 200 400 600 800
Time, s

FIG. 8. Simulated®sq, oscillations corresponding to the experiments of Fig. 5. The oscillations are obtained by first calcutitifgrp the scaled
OregonatorZ values[using Eq.(3) with k=8.3x10 % and [C]=2.4X10 * M]. The ®x,, values are obtained by insertin@] into Eq. (4). The different
excitation wavelengths correspond to the followi{Ag, B, values:(a) (2.53x10° M1, 1.16x10* M~ Y); (b) (1.63x10° M1, 7.68x10° M~ 1); (o) (2.11x1CF

MY 1.17x10* M~Y); (d) (1.10x10° M7, 6.53x10° M~ Y).

[C]=[Clo—«-[Z], ©) [C] values[Eqg. (3)] into Eg. (4), the Oregonator is able to
simulate the experimentally observéd,, oscillations.

Figure 8 shows Oregonator simulations that correspond
to the experiments of Fig. 5. The agreement with experiment,
although not quantitative, is quite good showing that the in-
ner filter effect of the isolated Ripy)3* ion is responsible
for the various®sg, oscillation forms observed at different
Excitation wavelengths.

where [C], corresponds to the total amount of catalyst in the
system, C]=2[Ru(bpy)5*] and « is a scaling factor. The
purpose of the scaling factor is to reduce the value4f [
such that F] lies within in the experimental range of the
catalyst concentration.

C is the fluorescent species of the catalyst. The inne
filter effect curveg(Fig. 3) are quantitatively well described

by the following simple relationship: _ ) _
E. Experimental proof of in-phase and opposite-

D5go=Aed Cle BedC], (4  phase relationships between @4, and [Ru(bpy) 3]

whereA,, andB,, are parameters which depend on the ex-°Sciiations

citation wavelengtifor numerical values ofA.,, Be,) see A direct experimental proof between in-phase and
legend of Fig. 3. By inserting the numerically calculated opposite-phase relationships betwekg,, and [Ru(bpy)5*]
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FIG. 9. (a) In-phase relationship betwedn,, and[Ru(bpy)3*] oscillations.
Aex=500 nm and initialRu(bpy)3*],=5X10"% M. The recorded redox po-
tential is proportional to IfiRu(bpy)3* /[Ru(bpy)3*T}, i.e., oxidation spikes
(Ref. 29 are observed. A low redox potential represents higtibRy3"
concentrations and higiPsg, values.(b) Opposite-phase relationships be-
tween oscillatory®.,, and oscillatory R(bpy)3* concentration\.=450
nm and the same initial Rli) concentration as ifg). In this case low redox
potentials represent still high Rapy)3" concentrations bubw ®.g, values.

oscillations can be given by a simultaneous record of the
redox potential oscillations and thisg, oscillations. Figure
9(a) shows positively correlated in-phase relationships be-
tween[Ru(bpy)3"] oscillations and®dxg, oscillations, while
Fig. 9b) shows negatively correlated opposite phase rela-
tionships betweefiRu(bpy)3*] oscillations andbxg, oscilla-
tions.

F. Change of ®gq, oscillation form with time

When using an initial R{ppy)3* concentration of
5x10 4 M (or highe) and an excitation wavelength of 450
nm (corresponding to the narrowest inner filter effect clirve
a gradual change in the type &g, oscillations can be seen.
At the beginning, thebsy, oscillations are in phase with the
oscillations of [Ru(bpy)3"]. However, at this excitation
wavelength the oscillations’ form change very rapidly to the
complex type and finally to opposite-phase oscillations. In
addition, when the initial Rippy)3" concentration is
5x10 4 M or higher, thed.,, oscillation become strongly
damped[Fig. 6(@)] (which is not seen for an identical sys-
tem’s redox potential oscillations or absorption oscillations
record at 450 nm

We do presently not understand the mechanism that
shrinks the amplitude of fluorescence oscillations and why
damping of the amplitude does not take place at lower initial
catalyst concentrations. While the change from in-phase to
complex-phase oscillationfFig. 6(@)] easily can be ex-
plained by a gradual increase of the (Ru concentration
during the oscillations, the damping of the amplitude in Fig.
6(a) is not related to the inner filter effect.

In principle, oxidative, reductive, or energy transfer
mechanisrff may be responsible for the decay of tfheg,
amplitude. The complex chemistry of the BZ reaction offers
a variety of possibilities and an El Dorado for further re-
search.

Figure 10 is an Oregonator simulation that shows that
the gradual change in phase relationships betwkgg and
Ru(ll) oscillations is due to a gradual increase in the€lRu

The oscillations were taken approximately 15 min after mixing of initial concentration. To mimick the damping of the amplitude an
reagents. During this time the character of the oscillations changed fron@mpiricm damping faCtOfdamp = e kdamf was included.

initially in-phase oscillations via complex oscillationfig. 6(@)] to the

present case of opposite phase oscillations.

80 T

50 -

P50
40 |

30 |-
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0 2000

4000
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FIG. 10. Simulation ofby, oscillations for initial Rbpy)3" concentrations of 810 * M or higher. The damping of the amplitude is described by a damping
factor fgamp = € *damst with ®5g5 = fyamy - Aed Cle~Be4C). The change of the oscillatory waveform is due to an increas€]mhich is described by an
increase in C]y(t) according to C],(t)=[C]o(0)+a-t. The scaling factok is calculated byx={[C](t) = [Clmin/[Z] max- The numerical values of the
parameters arky,;=5x10"% s Ag,=2.72<x10° M1, B,,=1.37x10° M1, [C]((0)=8x10"° M; a=1x10 ¥ Ms™
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area seen by meas._ | |
photomultiplier | = || =—x]|—=1|=+X
tube a 2 2
= 0[107 ec(1/12—x) _ 10~ eC(|/2+X)]

—ecxIn10__ e ecx In 10)

2

:llll': :2|010— EC|/2<

=21310" <2 sinhecx In 10).
£= / T .y Since® = Q¢17°* we get Eq.(2),
§=_ﬁ
2

d=21,Q;107 "2 sinh(ecx In 10).

=4 .-x g=L iy !B. P. Belousov, irDscillations and Traveling Waves in Chemical Systems
2 2 edited by R. J. Field and M. Burgéwiley, New York, 1985,
. . . . . 2A. M. Zhabotinsky, inOscillations and Traveling Waves in Chemical Sys-
FIG. 11. Schematic drawing of fluorescent solution inside fluorimetric cell tems edited by R. J. Field and M. Burgéwiley, New York, 1985.
with light path lengthl. The inner filter effect is due to the fact that only a 3(a) R. J. Field, inOscillations and Traveling Waves in Chemical Systems
part of the light patr[st.art'ing fromé=(1/2)—x to &=(1/2)+x] is recog- edited by R. J. Field and M. Burgéwiley, New York, 1985; (b) R. M.
nized by the photomultiplier. Noyes and R. J. Field, Annu. Rev. Phys. Ché8, 95 (1974; (c) R. J.
Field, in Theoretical Chemistryedited by H. Eyring and D. Henderson
(Academic, New York, 1978 Vol. 4; (d) P. Gray and S. K. Scot€hemi-
The increase in thé,, amplitude at lower initial R3I) cal Oscillations and Instabilitie$Clarendon, Oxford, 1990 Chap. 14.

4 . .
concentrations is in agreement with corresponding increases(;g 4P('l§§gﬁ' Chem. Phys. Let80, 76 (1982; (b) 92, 239(1982; (©) 96,

in amplitude for identical systems which are studied by po-5() a. N. Zaikin and A. M. Zhabotinsky, Naturg25, 535(1970: (b) A. T.
tentiometry or spectrophotometry. These increases in ampli-Winfree, Sciencel75, 634 (1972; (c) P. Ruoff, Naturwissenschaftefo,

tude reflect the general concentration increase in the reducedP8 (1983; (d) in Spatial Inhomogeneities and Transient Behaviour in
Chemical Kineticsedited by P. Gray, G. Nicolis, F. Baras, P. Borckmans,

form of the CatalySt' and S. K. ScotfManchester University, Manchester, 199®) in Waves

and Patterns in Chemical and Biological Mediedited by H. L. Swinney

and V. I. Krinsky (North-Holland, Amsterdam, 1991
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