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Abstract : Theeffect of surfactants- anionic sodium
dodecyl sulphate (SDS), cationic cetyl trimethyl am-
monium nitrate (CTAN), nonionic Triton X-100aswell
astetrabutylanmoniumion (Bu,N*) and tert-butanol (t-
BuOH) on the catalyzed bromate oscill ator with hema:
toxylin assubstratewasinvestigated at 30+ 0.1°Cin
stirred and nongtirred batch conditions. Thechangesin
the oscill atory parameters have been ascribed to cata-
Iytic effect of charged surface of micelles, to the solubi-
lization of hematoxylin and of bromination productsin

INTRODUCTION

Thesystemswithout meta catayst, wheretheor-
ganic substrate alonetakesitsfunction, areimportant
chemicd variant of class cal Bel ousov-Zhabotinsky (B-
Z) reaction. The uncatayzed bromate systems (UBO)
consist of bromate, aromatic substrate and acid. For
UBO systemsa skeleton OKN mechanism!™ and | ater
the reduced mechanismswere proposed®?. Although
therearestill no genera rulescrucial for thearomatic
substrateto givechemicd oscillationsinthesystem, on
thebasisof anumber of observations of oscillating UBO

themicdlesandto theinhibition of bromination of aro-
matic substrate dueto the brominesolubilization. The
effect of tert-butanol has been discussed intermsof its
ability to act asaradical scavenger. The effect of Bu, N*
has been ascribed mainly to their ability to act asion-

pairing reagent.

K eywor ds: Bdousov-Zhabotinsky sysem; Micedlles;
Bromate oscillator; Tert-butanol; Quaternary ammo-
niumion.

systems Orban and Ko6ros summarized the assump-
tionsfor substrates not to show oscillatory behaviour in
theuncatalyzed bromate systemd®4. Uptill now the
atention was paid preferably tothe structural smplier
aromatic moleculesas substrates (e. g. mono-, di- and
trihydroxybenzenes, ...) inuncatal yzed systems. Hema-
toxylin - apolyhydroxy aromatic compound (7,11b-
dihydroindeno[ 2,1-c]chromene-3,4,6a,9,10(6H)-
pentol) - according to those rules could provide the
oscillations. The partial oxidation of hematoxylinleads
to theformation of hematein® in many possible confor-
mationsincluding isomeric structures. Hematein-al u-
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minium complexesaretill used asimportant stainsfor
histology and cytology. Recently ahighly efficient bio-
sensor for the determination of noradrenalin and ac-
etaminophen was constructed on the basis of hema-
toxylint®, Oscillatory behaviour of catalyzed and
uncatalyzed hematoxylin-H,SO,-BrO, system has
been reported in™. Unfortunately the authors used for
the monitoring thereaction two Pt electrodes. There-
forethey did not recorded theredox potentia but inthe
caseof uncatayzed reaction very irregular noisy change
of potential related to the devel opment of concentra-
tion fluctuations and to the motion of solution near the
electrodes. More regular oscillations were observed in
the catalyzed system, but only invery short timeinter-
va 0.4—1.5 min.

In this paper we report the detailed study on the
effects of temperature, acid and substrate concentra-
tions, stirring aswell as of various surfactants on the
oscillatory behaviour, aswefound that the catalyzed
hematoxylin-H,SO,-BrO, systeminabatch reactor was
giving not only thisseriesof very short-lived oscillations
but even another seriesof longer lasting oscillations.

Theeffect of surfactantsformingthemicelesinaque-
ousmediawasprevioudly studied only intheclassica
malonic B-Z reaction®, but no attention waspaid to
ther effectintheuncatayzed bromateoscillators (UBO)
witharométic substrateslike phenols, anilines...dthough
the marked changesin oscillatory behaviour could be
expected dueto different location of reactants. Depend-
ing on thesize, shape and polarity of moleculesthere-
actantsmay be solubilized in different region of theag-
gregate structure; inthe hydrophobic core of micelle,
between hydrophobic chains (so called paisadelayer)
or at thehhydrophilic shell of polar heads. Indeed, the
solubilization of phenol inthemicellesleadsgradua ly
to theextinction of oscillationsin the phenol-bromate-
acid system™>%3, Similar effectsof cationic, anionicand
nonionic surfactantswere observed in uncatayzed bro-
mate oscillatorswith 1,4-cyclohexandione, pyrocat-
echol aswell aspyrogalol as substrates (our not pub-
lished results).

EXPERIMENTAL

Chemicals
Sodium bromate, sulfuric acid, hematoxylin and

ferroin (Fe(o-phen) SO,) (Lachema) were of com-
mercial analytical quality and were used without fur-
ther purification. Tert-butanol (t-BuOH) (Merck) was
destilled before use. Sodium dodecyl sulfate (SDS)
(Fluka) wasrecrystalized from ethanol, cetyl trimetyl
amonium nitrate was prepared from the correspond-
ing bromide (Aldrich) asdescribed in®, TRITON X
— 100 (Fluka) was used without any purification.
Tetrabutylammonium perchlorate (Bu,NCIO,) was
obtained from thereaction of corresponding bromide
(Aldrich) and sodium perchlorate. Thisquaternary
ammonium salt was stabile against the acid bromate.
Redestillated water was used to prepareall solution.
Stock solution of sulfuric acid was standardized by
acid-basetitration.

M ethods and measur ements

The measurements were carried out in
athermostatted cylindrical glass reaction vessel (di-
ameter 3.5cm, height 7.5 cm) closed with arubber
stopper through which thecommercia indication plati-
num el ectrode and thereference Hg/Hg, SO, el ectrode
wereinserted into the solution. Thetotal volume of
reaction mixturewas always 20 cm?®. The appropriate
aliquotsof stock solutions of reactantsfor oscillating
mixtureswere added into water in thevessel inthe
following order: hematoxylin, sulfuric acid, surfactant
or other perturbant, ferroin and then after thorough
stirring and after attainment of the desired tempera-
ture (30+0.1°C) the bromate wasinjected. Theini-
tial reactant concentrations were in the most of ex-
perimentsasfollows: [ hematoxylin] = 0.0064 mol/I,
[BrO,]1=0.016 mal/l, [H,SO,] = 1.44 mol/l, [ferroin]
=0.0002 mol/I. Thesolution wasstirred magnetically
with a Teflon-coated stirrer (length 2.0 cm, diameter
0.8 cm). The potenti ometric measurements have been
carried out under constant stirred (50 rpm) batch con-
ditionusing digital multimeter METEX M-4650 CR
connectedtoa PC.

In some experimentsthe reaction was monitored
with a computer-controlled PERKIN-ELMER model
Lambda 25 spectrometer intherange 200— 600 nm in
0.1 cm cuvetteat 30+ 0.1°C. Theinitia reactant con-
centrationswere: [hematoxylin] =0.001 mol/l, [BrQ,]
=0.004 mol/l, [H,SO,] = 1.44 mol/l and [ferroin] =
0.0002 mal/l.
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RESULTSAND DISCUSSION

Effectsof stirring, temperatureand acid concen-
tration on oscillatory behavior

In contrast to resultsin” with chaotic noiseinstead
of regular oscillationsfor both catd yzed and uncatayzed
hematoxylin-BrO,-H,SO, system, we could observe
for ferroin— catalyzed system 2 series of oscillations:
the number of oscillationsof thefirst seriesisunaffected
by stirring, but the second seriesthat appeared only
when thestirring had been stopped, wasvery sensitive
totherateof stirring (Figurel1). Astherewasstill some
probability of therise of second seriesof oscillations
eveninstirred system, we stopped the stirring always
after sufficiently long period of about 20— 30 minutes.
When the stirring was stopped immedi ately after the
injection of bromate, the number and the shape of os-
cillationswere considerably disturbed (e.g. Figure5).
Thestirring effect used to berelated to oxygen effects
but effect of oxygen on the phenol -sulfuric acid-bro-
mate system has aready been studied by our col-
leagues™ and themeasurementsinthepresenceandin
the absence of oxygen at two different stirring rates
demongtrated no effect ontheoscillations. Similarly as
inthe phenol-sulfuric acid-bromate the changein ho-
mogeneity might play important rolein extremesens-
tivity of systemto thestirring. Theroleof heterogene-
itiesand stirring effectsin classical B-Z reaction have
already been demonstrated by Menzinger®l. In
uncatalyzed bromate oscillators according to
the skeleton OKN mechanism!® the semiquinoneradi-
ca may disproportionateto quinoneand hydrogquinone.
The hydroguinoneis more soluble and can form stron-
ger hydrogen bondswith water compared to quinone.
Every subtlerearrangment of thewater moleculesaround
the solutes on periodic mutual transition from hydro-
guinone to quinone and back must contribute to the
rise of inhomogeneities (or nucleation centers) inthe
system. Intensive stirring homogenizesthe system and
trangition from onenonequilibrium stateto another can-
not be initiated*. Moreover, in the systems with
polyphenolic substrates, that can be considered for ef-
ficient hydrotropes, they can gradually arrangethem-
selvesindimers, trimers. . .by the plane-to-plane stack-
ing of the hydrophobic part of molecules. Thispossible
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formation of highly dynamicloosestructureintheague-
ous solutionsmay aso contributeto theextremesensi-
tivity of theoscillationsto thestirring.
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Figurel: Theeffect of stirring on theoscillation behaviour
of thesystem: [hematoxylin] = 0.0064 mol/l, [BrO,] = 0.016
mol/l, [H,SO,] = 1.44 mol/l, [ferroin] = 0.0002 mol/I, T =
303.15K.a-50,b-100, c—150,d— 200 rpm. The arrows
indicatetheend of stirring.

Innoncatalyzed system only thefirst seriesof oscil-
lations has been observed but when theferroinisin-
jected a thetimewheninacatalyzed system the oscil-
lationsjust finished (~ 9300 s), the second series of
oscillations could beinitiated after aninduction period.
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Figure 2 : The effect of temperature on the oscillation
behaviour of the system: [hematoxylin] =0.0064 mol/l, [BrO,;
] =0.016 mol/l, [H,SO,] = 1.44 mol/l, [ferroin] = 0.0002 mol/
I,a-293.15, b-297.65, c—303.15, d — 308.15, e — 313.15, f
—318.15K, 50 rpm. The arrows indicate the end of stirring.
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Theincreasing temperature (Figure 2) affected both
seriesof oscillations: theinduction period and thedura-
tion of thefirst seriesof oscillations decreased distinc-
tively and s multaneously the number and duration of
the second seriesof oscillations gradually decreased
andfinaly fully disappeared at 318.15K.

Thedetailed study of the effect of acid concentra-
tion on the nonstirred system has shown that the peri-
odic oscillations appeared at the concentration higher
than 0.95 mol/l. Withincreasing acid concentration the
induction period and the duration of thefirst seriesof

T T T T
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% (nm)

oscillationsdecreased.

The reaction could be monitored spectrophoto-
metricaly on decreasing thehematoxylin concentration
t00.001 mol/l, but the system exhibited the oscillations
only a [BrO,]/[hematoxylin] ratio higher than 2.5. At
[BrO,]/[hematoxylin] ratiohigher than 5-fold or at lower
hematoxylin concentration the oscillationsdid not ap-
peared. When compared the course of both catalyzed
and uncatalyzed reaction, it isinteresting that thereisno
sgnificant differencein thefirst threeminutes (Figure
3A) or eveninfurther 4-12 min (Figure 3B, C).
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Figure3: Spectraof of thenongtirred system: [hematoxylin] =0.001 mol/l, [BrO,] =0.004 mol/l, [H,SO,] = 1.44 mol/l, T =
303.15 K. A - the first three minutes of the reaction: line - in the presence of [ferroin] = 0.0002 mol/l, dots —in the absence

of ferroin; B, C —4 — 12 min in the presence and in the absence of ferroin; D — 12,16, 20, 41 — 206 min in the presence of

ferroin; E—12,32 —212 min in the absence of ferroin.

Thedifferences(Figure 3D, E) that emerged | ater,
arethereasonwhy the second series of oscillationsap-
peared only in the presence of catalyst. Figure 4
ilustrates quite clearly thefact that themaximumin ab-
sorbance at 550 nm (ferroin) iscorresponding to the
minimuminabsorbancea 590 nm (ferrin) and smilarly
the maximum and minimum a 260 and 240 nmarecor-
responding to the oxidized and reduced forms of uni-

dentified substrate crucia for the oscillations.
Effectsof surfactantson oscillatory behavior

Asknown®l the dynamics of the B-Z reaction
can be affected by various surfactants, especially by
those spontaneoudly assembled into micelles. There-
actants can associate to micellesin many ways, reflect-
ing thetypeof interactions between surfactant and sub-
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stratemolecule. Location of thesol ubilized substratein
micellar systems depends on the hydrophobicity and
structure of the solute. They may besolubilizedin dif-
ferent regionsof the aggregate structure: inthe hydro-
phobic core of micelle, between hydrophobic chains
(so called palisadelayer) or at the hydrophilic shell of
polar heads. The surfactants used in the study were
cationic, anionic and nonionic asthedifferent charged
surfaceof themicdlescould significantly affect someof
the stepsin the complex reaction by meansof micellar
caayss. Theoctanol-water partition coefficientlogK |
of 0.71 for hematoxylinishigher than the octanol-wa-
ter partition coefficient log K_, of —0.070 for
hemathein?¥, i.e. both substrates must differ in their
positionsin micelles. Themoleculeof hematoxylin con-
tainsfour hydroxyl groups, regarding these polar moi-
etiesand the dimension of themolecule, itispossible
that thehematoxylinislargely located at themicellar
interfacenear thewater. Itisunusua, that the keto group
inthe hemathein changesthe hydrophobicity in so far
asfollowsfrom octanol-water partition coefficient va-
ues. Asaresult, the hematein can not penetrate deeper
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between the surfactant chainsand itsfurther transfor-
mation may occur in agueous phase. Ferroin withits
large hydrophobic phenanthrolineligandsand positive
chargeat the centra atomisdueto electrostatic inter-
actionswith negatively charged SDSlocated at the hy-
drophilic shell of polar heads. Similarly ferroinislo-
cated in micellesof nonionic Triton X-100 dueto the
interactionswith dight negative charge developed on
polyoxyethylene chains of surfactant. The spectraof
ferroinwith varying surfactant concentration haveshown
that at low concentrations below the CMC, thebands
shifted very dightly to the higher wavel engthsand the
absorbanceincreased by forming the aducts. Only at
[SDS] =0.001 mal/l, but not at higher surfactant con-
centrations, a fine precipitate of ferroin-SDS aduct was
formed. In thereaction several nonpolar speciesare
formed: Br,andradica BrO, asthemost nonpolar spe-
ciesinthe system prefer the hydrophobic core of the
micelle. The solubilization of bromine must result in
adecrease of the concentration of bromide ions (i.e.
thekey inhibiting speciesin theoscillatory system) in
the aqueous phase.
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Figure4: Timedependenceof absor banceat variouswave engthsin nonstirred reaction syssem with initial concentration of
reactants: [hematoxylin] =0.001 mol/l, [BrO,] =0.004 mol/l, [H,SO,] = 1,44 mol/l, [ferroin] =0.0002 mal/l, T =303.15K in

0.1cm cuvette

Thistime, unlikethe other oscillating systemg2%3,
theeffect of surfactantson oscillatory behaviour varies
widely depending onwhether thesurfactant iscationic,
anionicor nonionic.

Thecationic CTAN shows (Figure5, 6) the most
significant effect onthe oscillatory behavior: Thefirst

induction period of both stirred and nongtirred system
initialy increaseswith increas ng concentration of sur-
factant, but at concentrations greater than 0.005 mol/l
again dowly decreasesuntil finally at [CTAN] =0.03
mol/l tobelessthanintheabsenceof surfactant. Indtirred
system thetime needed for the production of intermedi-
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ateessentid for second seriesof oscillationsincreased
from 720st0 4573 s and simultaneously the number of
oscillationsof thefirgt seriesincreased. Moreover, even
when gtirring, thenew undamped oscill ations appeared.
At[CTAN] >0.02 mol/l these oscillationsvanished but
again after their extinction thebreak of stirringlead to
the sequentia oscillations. Simultaneoudy theduration
of theoscillationsof thefirst seriesextremely increased.
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Figure5: Theeffect of CTAN concentration on theoscilla-
tion behaviour of the nonstirred system: [hematoxylin] =
0.0064 mol/l, [BrO,] = 0.016 mal/l, [H,SO,] = 1.44 mol/l,
[ferroin] =0.0002 mol/l, T =303.15K.a-0,b - 0.001, c —
0.002,d - 0.005, e — 0.01, f— 0.02, g — 0.03 mol/l.
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Figure6: Theeffect of CTAN concentration on theoscillation
behaviour of thegtirred system: [hematoxylin] = 0.0064 mol/
l, [BrO,] = 0.016 mal/l, [H,SO,] = 1.44 mol/l, [ferroin] =
0.0002 mol/l, T =303.15K.a-0, b - 0.001, ¢ — 0.005, d —
0.01,e-0.02,f-0.021, g— 0.025, h — 0.03 mol/l. The arrows
indicatetheend of stirring.

Theeffect of SDS concentration ontheoscillation
behaviour of stirred and nongtirred systemisvery simi-
lar. Thefirstinduction period only dightly increaseson
increasi ng surfactant concentration: from 237 sto 389
s for [SDS]=0-0.1 mol/l for nonstirred system and
from 261 sto 524 s for [SDS] = 0 — 0.2 mol/l for
stirred system. Concurrently the time needed for the
production of intermediate essential for second series
of oscillationsincreased from 1091 sto 1571 s in stirred
system. Instirred system the number of oscillations of
thefirst seriesisunaffected by [SDS)], but the number
of oscillationsof second series, that gppeared only when
the stirring had been stopped, gradual ly decreased on
increasing surfactant concentration until theoscillations
completdy vanished at 0.2 mol/I.
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Figure7: Theeffect of Triton concentration on the oscilla-
tion behaviour of the stirred system: [hematoxylin] = 0.0064
mol/l, [BrO,]=0.016 mol/l,[H,SO,] = 1.44moal/l, [ferroin] =
0.0002 mol/l, T = 303.15K, 50 rpm. a— 0, b — 0.0001, ¢ —
0.0005,d—0.0007, e — 0.001 mol/l. The arrows indicate the
end of gtirring.

The effect of Triton X-100 concentration on the
oscillation behaviour (Figure7) of stirred and nonstirred
system doesnot differ much. Thefirst induction period
(IP1) was changed dlightly with surfactant concentra-
tion, but thenumber of oscillationsof thefirst seriesin
stirred syssemwas affected immediady a theminima
[Triton]. Simultaneoudly, thetime needed for the pro-
duction of intermediate essentia for second series of
oscillations decreased from 1091 Sto 666 s in stirred
system. The number of oscillations of second series,
that appeared only when the stirring had been stopped,
gradually decreased onincreas ng surfactant concen-
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tration until the oscillationscompletely vanished at [ Tri-
ton] >0.001 mol/l. Inthe nongtirred systemthe oscilla-
tions of the second series disappeared at [Triton] =
0.003moal/l.

Different effect of surfactantsontheoscillationsis
manifested (Figure 8, 9, 10) even morein nonstirred
system with lower hematoxylin concentration but with
four-fold bromate/lhematoxylinratio. Thistimeno os-
cillationsof thefirst series gpopeared and the oscill ations
of the second series had been transformed to regular
onesduetothechangein [hematoxylin].
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Figure8: Theeffect of SDSconcentration on theoscillation
behaviour of thenonstirred system: [hematoxylin] = 0.001
mol/l,[BrO,]=0.004mol/l,[H,SO,] = 1.44mol/l, [ferroin] =
0.0002 mol/I, T =303.15K,a- 0, b —0.001, ¢ — 0.005, d —
0.01, e-0.06,f— 0.08, g — 0.1 mol/l.

I I I
0 5000 10000 20000 25000

By comparing the oscill atory behaviour of the stud-
ied stirred and nonstirred systemsinmicellar solutions
one can see: Thefirst serieswith two or three oscilla-
tionsinitiated by the oxidation of hematoxylin to he-
matein was negligibly affected by various surfactants.
Thenonoscillatory period wasinfluenced by surfactants:
was shortened by theanionic SDS, considerably pro-
longed by the cationic CTAN and almost without any
effect by the nonionic Triton. The number of oscilla
tionsin second seriesgradually decreased onincreas-
ing surfactant concentration regardel ess of thekind of
surfactant. The only exception in the oscillatory
behaviour could be observed in CTAN micellar solu-
tions (0.001-0.02 M) where the second series of oscil-
lations appeared dso in stirred system (Figure6). The
temperature had smilar effect on oscillatory behaviour
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of stirred system: the sequential oscillations appeared
only when the stirring was stopped. Onincreasing the
temperature the number of oscill ations decreased and
beforetheir fully extinction theonly pesk appeared even
instirred system (Figure 2). Theincreasein [CTAN]
and in temperature shortened theinduction period for
thefirst seriesof oscillationsdueto their effect onthe
transformation of hematoxylininto hemathein. However,
CTAN gradually extended thefirst oscillation phase
probably duetoits catal ytic effect on the subsequent
transformation of hematheintotheintermediate crucia
for therise of undamped oscillations.
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Figure9: Theeffect of CTAN concentration on the oscilla-
tion behaviour of thenongtirred sysem: [hematoxylin] =0.001
mol/l, [BrO,]=0.004 mol/l,[H,SO,] = 1.44mal/l, [ferroin] =
0.0002 mol/l, T =303.15K, a-0, b —0.002, ¢ — 0.004, d —
0.008, e—0.012, - 0.016, g — 0.018 mol/l.

If the assumption, that the oscillation parameters
arelargely controlled by the rate of reaction between
bromide and bromateionswith theformation of HBrO
and HBrO,,, iscorrect, distinguished effect of surfac-
tantson the oscill ation parameters could be explained
by their catal ytic micellar effect onthisreaction. The
inhibition effect of negatively charged micellar surface
of SDSonthereaction between BrO, and Br aswell
asthepenetration of bromineintothemicellesduetoits
nonpolar character isreflected in extending of timere-
quiredfor theincrease of the potentia. However, a the
sametimetheinduction period for the devel opment of
subsequent oscillationswas shortened with theincreas-
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ing [SDS] and the number of the oscillationsgradualy
decreased. The effect of cationic CTAN resulted in
gradually shortening thetime necessary for formation
of the peak corresponding to thetransformation of he-
matoxylininto hemathein dueto e ectrostatic interac-
tionsof bromideand bromateionsand positively charged
micelles. Theinduction period for the devel opment of
subseguent oscillationsincreased. Nonionic Triton X-
100 affectsthe beginning of thereaction associated with
the conversion of hematheinto theintermediateimpor-
tant for the devel opment of subsequent oscillations. At
0.0005 mol/I Triton theinduction period and number of
oscillations begun to decrease.
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Figure10: Theeffect of Triton concentration on the oscilla-
tion behaviour of thenongtirred sysem: [hematoxylin] = 0.001
mol/l, [BrO,]=0.004 mol/l,[H,SO,] = 1.44mol/l, [ferroin] =
0.0002 mol/l, T =303.15K,a-0,b—-0.00002, c - 0.00005, d
—0.0001, e — 0.0005, f— 0.0006, g — 0.0007, h — 0.001 mol/l.

Only significantly higher surfactant concentration
compared with their CM C*2 | ed to the di sappearance
of subsequent oscillaions: at 0.1 mol/l SDS, 0.018 mol/
| CTAN and 0.001 mol/I Triton. The concentration, at
which the completeextinction of the subsequent oscil-
lationsoccured, isrel ated to the sol ubilizati on capacity
characteristic for the surfactant. Capacity of micellar
systemsexpressed as mol es of solutes solubilized per
moleof surfactant generdly followstheorder: nonionics
> cationics> anionicsfor theamphiphileswiththesame
hydrophobic moiety!®!. In addition to catalytic effect
of charged surface of micellesthechangesinthe oscil-

latory parameters probably reflect the solubilization of
reactants and products of bromination as well as of
catalyst inmicellesand theinhibition of aromatic sub-
strate bromination dueto bromine solubilization.

The surfactants can even at |ower concentrations
effectively changethe surfacetension of solution. With
the micelleformation the viscosity of the solutionin-
creases® and thetransport of reactantstothe micellar
interfaceisaffected dueto thechangesinthediffuson
of the reactants and in the density of the solution!*°.
Thismay also contributeto the extreme sensitivity of
oscillatory behaviour to tirring.

The agueous sol ution of tetraa kylammonium ha
lides offersanother possibility of affectingtheoscilla
tionreaction. They also aresurfaceactive: initialy on
increasi ng concentration the surface tension decreases
dightly, the steep decrease beginsat ahigher concen-
tration (0.01 mol/l). Thetetraa kylammonium halides
do not conformi?¥ to “normal” electrolyte behaviour.
They canincreasé® the solubility of organic solutes
(non-polar and polar) in water, i.e. they show the salt-
ing-in effect. Thesalting effects can play akey rolein
changes in reaction rates. In the case of
tetrabutylammonium halides there are assumed the
changesinthestructureof liquid water duetotheinter-
action of Bu,N* with thewater (hydrophobic hydra-
tion). Besidestetrabutylammoniumions can associate
in agqueous sol utions due to hydrophobic interactions
and formaggregatesthat caninfluencethe solubility and
propertiesof theother solutes. Theincreasein solubil-
ity of tris(1,10-phenanthroline)iron (1) perchloratein
water by the addition of hydrophobic
tetrabutylammoniumionwasinterpreted intermsof its
stabilization by the hydrophobicinteraction with added
hydrophobicion®.

Findly thetetrabutylammoniumionsassociatewith
thesmall inorganicanions(Br, BrO,) or radicas(e.g.
BrO,) forming hydrophobicion-associates, and thus
decreasing themobility of anionsthat areimportantin
contralling theoscillations. Theeva uation of ion as-
soci ation congtantsbetween n-tetrabutylammoniumion
and bromide (log K__= 0.44) aswell asbromate (log
K_.=0.27)ionsfavoursthisopinion. Figure 11 illus-
tratesthe effect of increasing Bu,NCIO, concentra-
tion on the stirred systems. In both stirred and
nonstirred casesit markedly reduced theinduction
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period for oscillations of thefirst series, extended the
timerequired for the potential increaseand increased
the number of oscill ations of the second series. More-
over, it shortened theinduction period for theforma-
tion of second oscillations, which at the sametime
gradualy disappeared. Unfortunately itisnot possible
to deci de unambiguously, which of the options men-
tioned above hasthe greatest influence on changesin
the oscillation behavior.
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Figure1l: Theeffect of TBACIO, concentration on the oscil-
lation behaviour of thegtirred system: [hematoxylin] = 0.0064
mol/l,[BrO,]=0.016 mol/l,[H,SO,] = 1.44mol/l, [ferroin] =
0.0002 mol/l, T =303.15K, a— 0, b — 0.003, ¢ — 0.005, d —
0.0055, e—0.006, f—0.015 mol/l. The arrows indicate the end
of stirring.

Aswefound® that tert-butanol significantly speeds
up thereaction BrO, + 5Br + 6H*— 3Br,+ 3H,0,
wedecided toinvestigate the effect of tert-butanol on
the oscillatory behaviour. Thisa cohol not only causes
thechangein relative permittivity of media, but can act
asthe scavenger of OH and Br radicals. Moreover, it
can influence the hydrogen-bonded water structure.
Figure 12 illustratesthe effect of tert-butanol on the
redox potentid of studied system. Surprisingly, t-BuOH
has amost no effect on the position of thefirst peak
both stirred and nonstirred systems, but extremely pro-
longed thetimerequired for theformation of intermedi-
atecrucia for the devel opment of second seriesof os-
cillations. At thesametimethenumber of oscillationsof
the second seriesgradually decreased until finally dis-
appeared in the stirred system at 5 vol% and in the
nongtirred system at 8 vol %. Innonstirred sysemwith
lower hematoxylin concentration but with four-fold bro-
matelhematoxylinratio theoscillationscompletely van-
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ished even at 0.5 vol% t-BuOH.

When monitoring the reaction spectrophotometri-
caly it hasbeen showed that thereactionat 0.5 vol %
t-BuOH differed sgnificantly fromthat without t-BuOH.
The oscillationsdid not appear because, asshownin
Figure 13, ferroinwasnot engaged inthereaction. As
shown previoudly, the presenceof ferroinisessentia
for the second series of oscillations. We haveinvesti-
gated theaguation of ferroininwater and aqueous mix-
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Figure12: Theeffect of t-BuOH concentration on the oscil-

lation behaviour of thegtirred sysem: [hematoxylin] =0.0064

mol/l, [BrO,]=0.016 mol/l,[H,SO,] = 1.44mal/l, [ferroin] =

0.0002 mol/l, T=303.15K,50rpm.a-0,b-0.5,c—1.5,d -

2,e-3.5,f-5vol.%. The arrows indicate the end of stirring.
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Figure 13 : Time dependence of absorbance at 510 nm in
nonstirred reaction system with initial concentration of re-
actants: [hematoxylin] =0.001 mol/l, [BrO,] = 0.004 mal/l,
[H,SO,] =1,44mol/l, [ferroin] =0.0002mol/l, T =303.15K
in 0.1 cm cuvette, a—0.5 vol.% t-BuOH, b —no t-BuOH.
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turesof t-BuOH aswell asthereaction of ferroinwith
bromate under the same conditionsasintheoscillation
system but surprisingly therewere no marked changes
inthereaction rateswith solvent composition.

Such amarked effect of very low concentration of
t-BuOH onthe oscillations cannot be ascribed to the
changeinreative permittivity or in surfacetension not
eventoitseffect onthewater structure. Theonly pos-
sibleexplanation seemsto beitsroleasradica scaven-
ger inthe complex reaction mechanism. Inthemecha
nism suggested for the BrO, - 1,4-cyclohexanedione-
ferroin® thereection between ferroinand radica BrO,
playsanimportant rolein the oscillatory behaviour of
thesystem, but if t-BuOH hasaffectedjust thisreaction
inthestudied system remainstill unclear.

CONCLUSIONS

The hematoxylin proved to be the substrate with
very rich oscillation behavior, easily and effectively af-
fected by variousperturbants. Our study of hematoxy-
lin-BrO,-H,SO, system with theferroin asa catalyst
showed three series of oscillationsthat could beinflu-
enced very significantly by variousperturbants. Anionic,
cationicaswell asnonionic surfactantsaffected the os-
cillation behaviour through the cata ytic effect of charged
surface of micelles, the solubilization of reactantsand
of productsinthemicellesand theinhibition of bromi-
nation of aromatic substrate dueto the bromine solubi-
lizetion. Surfaceactivetetrabutylanmoniumion and tert-
butanol changed dramatically the oscillation parameters
—the first one due to the formation of ion-pairs and the
effect of the second one hasbeen attributed to its plau-
sibleroleasascavenger of BrO, radicals.
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