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The transition from planar fronts, trigger waves or solitary pulses to spirals in excitable media, has

attracted increasing interest in the past few decades, mainly because of its relevance for biological and

medical applications. In this paper we describe a new and convenient method for spiral generation

starting from symmetric wavefronts. By using the micelle-forming zwitterionic surfactantN-tetradecyl-

N,N-dimethylamine oxide in a Belousov–Zhabotinsky solution, it is possible to control to a large extent

the domains where spirals can be spontaneously generated. The mechanism responsible for the

wavefront break up lies in the interaction of the propagating waves with the unexcitable regions formed

by the interaction of the surfactant with some of the Belousov–Zhabotinsky key intermediates.
1 Introduction

Spiral formation and propagation in excitable media is a wide-

spread phenomenon in several biological systems. Simple

chemical reactions, such as the well known Belousov–Zhabo-

tinsky (BZ),1,2 are often used to study the basic mechanisms

responsible for spiral generation in homogeneous or heteroge-

neous media. In fact, thanks to its characteristics, the BZ reac-

tion, when coupled with diffusive processes, can easily generate

oxidation waves in either open or batch reactors; in turn, these

waves can break to produce clockwise and counterclockwise

rotating spirals. This process has been invoked as a cause of

spatio-temporal chaos in spatially extended excitable media, and

understanding its intimate mechanisms could shed light on

a series of problems with relevance for biology, medicine and

physiology.3–7

Spontaneous spiral formation was observed in homogeneous

BZ reactions where waves propagate into the vulnerable region

of preceding pulses8,9 and simulations showed that spirals can be

obtained from the combination of the diffusion of reactants with

oscillatory kinetics in open reactors with immobilized catalysts.10

Generally, the most employed method to break up symmetric

fronts is to apply a mechanical stimulus or impose a physical

obstacle to a propagating wave or pulse,11–13 nevertheless, in

recent years there was a certain interest in finding more elegant

and less invasive methods. Ruisi and Wang14 proposed a new

experimental system where the coupling of two BZ-type oscilla-

tors, with different organic substrates, could generate scattered
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areas of low excitability, which in turn create free ends in planar

waves. Toth et al.15 used the photosensitive properties of

a ruthenium catalyzed BZ reaction to create spirals by over

imposing a mask with a network of areas at different light

intensity. Finally, Wang et al.,16 starting from the results of

Maselko et al.,17,18 found that the number of resin beads can be

a bifurcation parameter for spiral generation in a discrete

medium (BZ + cation exchange resins). In this paper we present

a new system where the coupling of the BZ reaction with the

zwitterionic surfactant N-tetradecyl-N,N-dimethylamine oxide

(C14DMAO) can generate spirals in the medium simply by tuning

some experimental parameters, such as the reactants’ concen-

tration or the number of micelles in solution. This system pres-

ents a few advantages with respect to the aforementioned

examples: i) simple chemistry, being only one oscillator present;

ii) homogeneous reaction environment at the macroscale; iii) no

external actions are required to break fronts.

The present work follows previous studies on the combination

of chemical oscillators with surfactant molecules able to self-

assembly in various aggregates, such as micelles,19–26 bilayers27,28

or polymeric clusters.29,30 In particular, a few years ago, we found

that a C14DMAO micellar system is able to induce an induction

period (IP) in a ferroin catalyzed BZ oscillator, when the

surfactant concentration overcomes a certain threshold,

[C14DMAO]cr; the value of the latter depending on the experi-

mental conditions.31 Here we present results about fronts and

waves propagation in pseudo bi-dimensional spatially extended

reactors, where, in appropriate conditions, the new features of

the BZ/C14DMAO system are responsible for spiral generation.

2 Results

In our previous work,31 we investigated the influence of

C14DMAO on the temporal oscillation of a well-stirred batch BZ

reaction, over a wide surfactant concentration. The oscillator

showed a threshold behavior with respect to [C14DMAO], and in
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our experimental conditions ([MA] ¼ 0.03 mol dm�3, [NaBrO3]

¼ 0.12 mol dm�3, [ferroin] ¼ 5.0 � 10�4 mol dm�3, [H2SO4] ¼
0.30 mol dm�3) an induction period appeared beyond a surfac-

tant critical concentration [C14DMAO]cr ¼ 5 � 10�3 mol dm�3.

Fig. 1 shows the typical dynamics of a well stirred ferroin cata-

lyzed BZ reaction before (a) and after (b) the appearance of the

IP. During the induction period, the catalyst was found to be in

the oxidized form (ferriin, Fe(o-phen)3+3 ), meaning that there was

not enough 3-brominated organic substrate to reduce it. The

induction period sensibly decreased and eventually disappeared,

upon the addition of bromide ions with the subsequent genera-

tion of Br2, which could brominate malonic acid, according to

the reaction scheme

BrO�
3 + 5Br� + 6H+ / 3Br2 + 3H2O (R1)

CH2(COOH)2 # (COOH)CHC(OH)2 (R2)

(COOH)CHC(OH)2 + Br2 / BrCH(COOH)2 + H+ + Br� (R3)

Experimental results, together with kinetic simulations, led us

to consider the interaction of the bromine with the surfactant

(both in its monomeric and micellized forms), as the key process

responsible for the appearance of the IP. We will discuss the role

of Br2 in more details in the section 3.1.

In the experiments in pseudo-bidimensional reactors,

[C14DMAO]cr was found to be smaller by a factor of two, about 2

� 10�3 mol dm�3, probably because of the effects of the glass

windows on the reaction dynamics and because of the absence of

air on top of the reactive solution. The spatial analogue corre-

sponding to the behavior reported in Fig. 1 is depicted in Fig. 2.

Panels A–C show the spatio-temporal evolution of a BZ reaction

in the absence of the micelles, regular oxidation waves travel

across a reduced (red) medium starting from the edges of the

reactor. Panels D–F are snapshots of the dynamic evolution of

a BZ reaction when the concentration of the surfactant over-

comes [C14DMAO]cr, in this case the reaction medium appears in

an oxidized (blue) status for an interval comparable with the
Fig. 1 The effect of the surfactant C14DMAO on a well stirred batch

ferroin catalyzed BZ reaction: an oxidized induction period appears

above a critical concentration of surfactant. (a) [C14DAMO] ¼ 0 mol

dm�3; (b) [C14DAMO] ¼ 5 � 10�3 mol dm�3. For both systems: [MA] ¼
0.03 mol dm�3, [NaBrO3] ¼ 0.12 mol dm�3, [ferroin] ¼ 5.0 � 10�4 mol

dm�3, [H2SO4] ¼ 0.30 mol dm�3.

This journal is ª The Royal Society of Chemistry 2011
length of the induction period in stirred reactors. When the

system shifts towards the oscillatory state, a reductive front (RF)

travels from the edges of the reactor towards the center (white

arrows in Fig. 2E) and restores the medium to the usual reduced

state; oxidative pulses and waves (OW) immediately appear and

follow the front (red arrows in Fig. 2E). By using an analogy, the

dynamics can be depicted as a pursuit, where the oxidative waves

chase the fleeing reductive front.

By varying the concentrations of the chemicals in solution, the

relative propagation velocity of the reductive front (vred) and

oxidation waves (vox) can be controlled to a certain extent, in

particular the system can be tuned such that the chaser catches

the preceding front and the planar OWs turn into spirals. Fig. 3

illustrates the generation of two counter rotating spirals when vox
is larger than vred (the movie is available as supporting material

to the present paper†). In panels A–C, an oxidative pulse travels

in the reduced medium left behind by the reduction front, until it

reaches the bright area where the catalyst is oxidized. When the

two moving structures get in touch they seem to fuse for a short

interval, after which they separate and the reduced area finally

disappears. The nature of the RF is still unclear (we will discuss

this aspect in more detail in section 3.2) but it is evident that it has

an inhibiting effect on the propagation of the OW. In fact, vox
decreases when the wave approaches the reduced area with

a simultaneous flattening of the pattern curvature (a phenom-

enon that is reminiscent of bunching and merging waves in the

BZ/cyclo-hexanedione systems32). Panels D–F finally show that

the disappearance of the oxidized area typical of the IP leaves the

oxidation pulse with two free ends, which can curl to form

rotating spirals. From this point the reaction dynamics continue

as a regular BZ system and spiral patterns persist until the end of

the reaction. In most of the cases the interaction between the two

fronts generates two coupled spirals, nevertheless when the OW

initiates simultaneously (in time) and very close (in space) to the

reduction front, a single spiral tends to appear; probably this is

dictated by the geometry of the interaction and the angle of

contact between the fronts.

Once the composition of the reactive BZ mixture is kept

constant, the concentration of the surfactant in solution repre-

sents the key parameter that can be tuned to induce spiral

generation. Below [C14DMAO]cr the reductive front is obviously

not present and regular waves travel across the reduced medium.

When the induction period appears, there exists a [C14DMAO]

interval where vred is larger than (or equal to) vox and the two

fronts never get in touch (the behavior depicted in Fig. 2).

However, in a stirred reactor, by augmenting the concentration

of surfactant in solution, the length of the induction period

increases until a plateau;31 this is true also for experiments in

pseudo-bidimensional reactors where the longer persistence of the

induction period is reflected in a slower RF. The behavior of the

system with respect to [C14DMAO] is sketched in Fig. 4, where

the speed of the waves and fronts calculated by means of space–

time plots are reported as a function of the surfactant concen-

tration. Additions of the surfactant below the critical micelles

concentration (cmc, 6.3 � 10�5 mol dm�3 31) do not significantly

influence vox, while a progressive decrease until a plateau is

detected upon further additions; the same is true for vred except

that it does not seem to reach a plateau in the concentration

range investigated. In the absence of a catalytic micellar effect,
Soft Matter, 2011, 7, 9498–9504 | 9499



Fig. 2 Spatio-temporal effects of the surfactant C14DMAO on an unstirred shallow layer of a batch ferroin catalyzed BZ reaction. (A)–(C) Oxidation

waves travelling in a reduced medium when [C14DAMO] ¼ 0 mol dm�3; frame size (mm2) 26 � 22. (D)–(F) Oxidized induction period and development

of a reduction front and oxidation waves when [C14DAMO] ¼ 2 � 10�3 mol dm�3; frame size (mm2) 24 � 20. For both systems: [MA] ¼ 0.03 mol dm�3,

[NaBrO3] ¼ 0.12 mol dm�3, [ferroin] ¼ 3.0 � 10�3 mol dm�3, [H2SO4] ¼ 0.30 mol dm�3.

Fig. 4 The behavior of vox (C) and vred (-) upon the increasing

concentration of surfactant in solution. [MA]¼ 0.03 mol dm�3, [NaBrO3]

¼ 0.12 mol dm�3, [ferroin] ¼ 3.0 � 10�3 mol dm�3, [H2SO4] ¼ 0.30 mol

dm�3. The arrow indicates the appearance of the induction period, small

insets sketch the spatio-temporal behavior of the system.
like in the case of the anionic surfactant SDS22 or AOT,26

a general decrease of the speed of waves and fronts is expected

due to the increased viscosity of the medium, in section 3.2 we

will account for the more pronounced effect observed on the RF.

In the interval 2 � 10�3 mol dm�3 < [C14DMAO] < 3 � 10�3 mol

dm�3, the IP is present but vred $ vox and spirals do not appear.

Finally, when [C14DMAO] is larger than 3 � 10�3 mol dm�3

spirals are always present, except for one concentration where vox
drops down to 1.75 mm min�1 for unknown reasons.

Other parameters can be tuned in order to trigger spirals in the

BZmedium. For example, it is well established33 that the speed of

a wave front in reactions where autocatalysis is coupled with

diffusion is proportional to the square root of the diffusion

coefficient of the autocatalytic species and to the kinetic constant

of the rate determinant step of the autocatalytic process; for the

BZ reaction in particular, Field and Noyes34 determined that

the velocity of the oxidation waves also depends on
Fig. 3 The process of spontaneous spiral formation when vox > vred. The oxidation wave rapidly approaches the reduction front (A), it slows downwhen

entering in the refractory zone close to the front (B), finally the two patterns get in touch and the front annihilates a portion of the wave (C, D) thus

generating two counter rotating spirals (E, F). Frame size (mm2) 7� 5. [C14DMAO]¼ 6 � 10�3 mol dm�3, [MA]¼ 0.03 mol dm�3, [NaBrO3]¼ 0.12 mol

dm�3, [ferroin] ¼ 3.0 � 10�3 mol dm�3, [H2SO4] ¼ 0.30 mol dm�3. The movie of the process is available as supporting material.†
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the concentration of two of the main reagents, that is

vox ¼ 2(kaDa)
1/2([H+][BrO�

3 ])
1/2. Nevertheless, for the sake of

simplicity we decided to keep constant the composition of the BZ

mixture, i.e. the concentration of the main reagents and we only

determined the lower threshold values of sulfuric acid and

bromate below which spirals disappeared, namely [H2SO4] ¼
0.20 mol dm�3 and [BrO�

3 ]¼ 0.08 mol dm�3 (with [C14DMAO]¼
3 � 10�3 mol dm�3 and all the other reagents were fixed).
Fig. 5 Typical spectral results showing the formation of a CTC between

the bromine and the surfactant; [Br2] ¼ 6.0 � 10�4 mol dm�3, [H2SO4] ¼
0.3 mol dm�3, (-) [C14DMAO]¼ 1� 10�3 mol dm�3, (C) [C14DMAO]¼
3 � 10�3 mol dm�3, (:) [C14DMAO] ¼ 4 � 10�3 mol dm�3, (;)

[C14DMAO] ¼ 5 � 10�3 mol dm�3, (A) [C14DMAO] ¼ 6 � 10�3 mol

dm�3, t � 24 �C.
3 Discussion

In order to understand the behavior of the BZ/C14DMAO system

in spatially extended reactors, we focused our attention on two

phenomena particularly relevant for the spiral formation mech-

anism, namely the interaction of bromine with the surfactant and

the development of the reductive front. The two processes are

related one to each other and the presence of the reductive front,

in particular, is consequent to the formation of the induction

period.
3.1 Interaction of Br2 with C14DMAO

Nostictzius and coworkers35 recently pointed out that ferriin

does not react with malonic acid but it can be reduced by bro-

momalonic acid (BrMA) to yield Br� and, according to the FKN

mechanism,36 reset the oscillatory BZ cycle. As reactions R1–R3

are the main source of BrMA in solution,37,38 the role of bromine

appears to be crucial in the ferroin catalyzed systems, and its

segregation from MA likely appeared to be responsible for the

appearance of the oxidized induction period. Moreover, as

mentioned in section 2, previous experiments31 led us to suspect

a strong interaction between Br2 and the micellized surfactant.

We therefore postulated the formation of an adduct between the

surfactant and the molecular bromine (reaction A1) to account

for the inhibition of the bromination reaction of malonic acid

and consequently for the appearance of the induction period

itself.

C14DMAOþ Br2#
K

C14DMAO� Br2 (A1)

From spectrophotometric measurements, it was found that the

spectrum of molecular bromine when the surfactant is added to

the solution presents a new absorption band with a maximum at

l ¼ 271.5 nm. In the presence of n(p)-donors/acceptors, the

appearance of a new band in the UV-Vis region, is generally

attributed to the formation of charge-transfer complexes (CTC).

Typical CTC absorption bands, for example, have been observed

when bromine interacts with a variety ofp-donors, like benzene39

or cyclohexene40,41 and n-donors like sodium bis(2-ethylexhyl)

sulfosuccinate (AOT).42 C14DMAO, like most of the amino-

oxide surfactants, is a weak base and because of its chemical

structure it can be considered an analogue of an aliphatic amine,

i.e. an n-donor equivalent. In fact, during the reaction of tertiary

amines with bromine, the formation of stable CTC complexes

has been identified as a crucial step before the fast intramolecular

oxidation that leads to the products.43,44 Fig. 5 shows the

evidence of a CTC formation, where the absorbance at l ¼
271.5 nm increases with the concentration of the surfactant,

passing from 0.90 a.u. at [C14DMAO] ¼ 1 � 10�3 mol dm�3 to

1.99 a.u. at [C14DMAO] ¼ 6 � 10�3 mol dm�3.
This journal is ª The Royal Society of Chemistry 2011
At the equilibrium, the concentrations of the complex and of

the free reactants are unknown, therefore is impossible to

calculate the equilibrium constant (K) for the reaction A1 by

means of the classic mass action law and a procedure derived

from ref. 42 and 45 and adapted to our purpose was used. The

detailed description of the method can be found in the sup-

porting material of the present paper.† By applying this proce-

dure we found that K ¼ (5.75 � 0.36) � 102 mol�1 dm3 and that

the molar extinction coefficient of the complex 3 ¼ (4.16 � 0.03)

� 103 cm�1 mol�1 dm3. It has to be noted that the values forK and

3 are an estimation, which accounts for both the monomeric and

the micellar form of the surfactant, with spectrophotometric data

suggesting a stronger interaction with the monomers rather than

with the micelles (see the supporting material for details†).

The value of the complex formation constant is lower than that

used for simulations in our previous work (roughly equal to

1000), but still it is a confirmation of the role of the surfactant in

sequestrating the bromine from the aqueous phase. Moreover the

method we used inserts a degree of uncertainty due to the fact

that we cannot measure the formation constants for Br2 with

C14DMAO monomers below the cmc, and the value we found

may be re-evaluated to a bigger estimation. In our experiments,

we cannot exclude that the surfactant undergoes an oxidation,

like in the case of tertiary aliphatic-amines, however, by moni-

toring the absorbance at l ¼ 271.5 nm over time, we could not

detect any significant decrease in the maximum for prolonged

intervals.

In order to further check the role of bromine in the generation

of the oxidized induction period, we added an increasing amount

of acetone (Ac) to the reactive BZ mixture. Acetone is well

known as a bromine scavenger and it has been successfully

employed as a feedback regulator in controlling [Br2] in some

variants of BHC (Bromine Hydrolysis Controlled) oscillators.46

The influence of acetone on the length of the IP of a cerium

catalyzed BZ reaction has also been investigated47 and it was

found that removal of bromine increases the length of the IP and

of the number of total oscillations, leaving the frequency and the

amplitude almost unaltered. This behavior has been attributed to

the fact that acetone and bromoacetone do not react with any
Soft Matter, 2011, 7, 9498–9504 | 9501



Fig. 7 Behavior of vox (C) and vred (-) upon the increasing concen-

tration of the catalyst in solution. [C14DMAO] ¼ 6 � 10�3 mol dm�3,

[MA] ¼ 0.03 mol dm�3, [NaBrO3] ¼ 0.12 mol dm�3, [H2SO4] ¼ 0.30 mol

dm�3.
other species present in solution,48 therefore the net result is only

a delay in the production of BrMA. In our experimental condi-

tions the adding of an increasing amount of acetone was found to

alter all the oscillatory parameters, without inducing the

appearance of an IP similar to that obtained with C14DMAO.

The spectrophotometric time series showing the absorbance of

the ferroin for different [Ac] are reported in the supporting

material.† Our findings suggest that in the ferroin catalyzed BZ

systems, Ac and/or BrAc interact with other reaction steps of the

oscillatory system, thus making the comparison with the

surfactant difficult. Anyway, the time series recorded unambig-

uously show that removal of bromine pushes the global oxida-

tion state of the system towards the oxidized state, with a net

prevalence of ferriin.

3.2 The reduction front

The existence of reduction waves (RW) has been previously

observed for ferroin catalyzed BZ systems when the ratio [MA]/

[BrO�
3 ] was relatively low.49–53 Smoes49 was the first to observe

the propagation of reduction waves in such a highly oxidized

medium, they originated from point defects and were rapidly

followed by faster oxidation waves developing in the reduced

medium. RW were considered trigger waves and their origin was

connected with a local increase of the Br� concentration, which

excites the neighboring points and induces a front of catalyst

reduction (red spot), which starts to propagate into the oxidized

medium; the velocity of the reduction waves is determined by the

rate of Br� generation (see eqn (FKN-C) later in the text) and it

was found to increase with [MA] while it was independent from

[H2SO4] and [BrO�
3 ].

49,51

Several experiments proved that the reduction front observed

in our system has the same nature as the waves observed in the

highly oxidized media, except for the fact that the depression of

the organic substrate concentration is temporary and the

reduction front appears only once following the oxidized

induction period. In fact, as previously stated, the presence of the

surfactant causes a delay in the bromination of MA for an

interval, which depends on [C14DMAO]; the addition of bromide

ions reduces the IP and also influences vred, while vox is not

significantly influenced. Fig. 6 shows that by increasing the
Fig. 6 The behavior of vox (C) and vred (-) upon the increasing

concentration of bromide ions in solution. [C14DMAO] ¼ 8 � 10�3 mol

dm�3, [MA] ¼ 0.03 mol dm�3, [NaBrO3] ¼ 0.12 mol dm�3, [ferroin] ¼ 3.0

� 10�3 mol dm�3, [H2SO4] ¼ 0.30 mol dm�3. The small insets sketch the

spatio-temporal behavior of the system.

9502 | Soft Matter, 2011, 7, 9498–9504
concentration of bromide at a fixed solution composition

([C14DMAO]¼ 8� 10�3 mol dm�3), the velocity of the RF grows

until [Br�] is about 3 � 10�3 mol dm�3 when the induction period

disappears, moreover at [Br�] x 2.5 � 10�3 mol dm�3 vred is

larger enough than vox to stop the process of spiral formation.

The reduction reaction of the ferriin by the organic substrate

represents the process C in the FKN model,36 which is respon-

sible for the regeneration of the catalyst and causes an increase of

the [Br�] in solution. This process is represented by the reaction

FKN-C

2Fe(phen)3+3 + BrMA / fBr� + 2Fe(phen)2+3 + other products

(FKN-C)

therefore we also investigated the dependence of vred upon the

concentration of the catalyst in solution. Perusal of Fig. 7 reveals

that the velocity of the oxidation waves, as expected, is not

influenced by the concentration of the catalyst in solution; on the

contrary, vred sensibly decreases when the reduced form of the

catalyst increases. Interestingly, for low values of [ferroin] (<4 �
10�4 mol dm�3) the induction period could not be spectropho-

tometrically detected in stirred systems, a behavior that reminds

us of the threshold like response of the BZ/C14DMAO system to

the concentration of the surfactant and of the bromides.31

In the light of the mechanism of RF propagation, it can be

inferred how the concentration of the surfactant in solution

becomes crucial in controlling the propagation velocity of the

reducing fronts; when [C14DMAO] increases, the amount of

BrMA available for the production of Br� decreases and, since

MA is less important for process C,54 vred tends to diminish as

shown in Fig. 4. The proposed mechanism also accounts for the

anomalous dispersion relation shown by the oxidation waves

when approaching the RW. In fact the reducing front leaves

behind a high [Br�], which is a strong inhibitor for the autocat-

alytic process responsible for the OW propagation. This is also

the reason for the annihilation of the portion of the OW that

touches the RW.
4 Conclusion

In this paper we introduced a novel way to exploit the

combination of self assembling surfactants with the
This journal is ª The Royal Society of Chemistry 2011



Belousov–Zhabotinsky reaction. In our previous works we found

that the zwitterionic C14DMAO prevents the bromination of the

organic substrate, thus generating an unusual oxidized induction

period in the ferroin catalyzed BZ system. This property has been

further investigated and used to induce the spontaneous forma-

tion of spirals in a shallow layer of solution.

The mechanism of spiral generation was found to be quite

simple and controllable to a large extent, so that by tuning a few

parameters of the system it was possible to break symmetric

wavefronts and get counter rotating (or in some cases simple)

spirals without any mechanical or external actions. The mecha-

nism can be sketched with a few simple steps, namely i) the

zwitterionic surfactant sequestrates bromine through the

formation of a CTC adduct as described in section 3.1; ii) the

ferriin cannot be reduced until the BrMA reaches a critical

concentration in solution, consequently an oxidized induction

period appears; iii) the IP disappears through the propagation of

a reductive front (section 3.2) that resets the medium to a reduced

form where oxidation waves can propagate; iv) finally, when the

parameters are set so that vox is larger than vred, the oxidation

waves reach the preceding reductive front and generate spirals.

Our method is, in principle, valid for any halogen-based

oscillator where the added surfactant can selectively interact with

one of the key intermediates. The behavior of iodine, for

example, is similar to that of bromine with respect to its ability of

forming CTC with amines44 and anionic surfactants.42Moreover,

the investigation can also be extended to other self-assembling

molecules, like the more biologically relevant phospholipid

compounds, in order to find behaviors similar to C14DMAO by

acting on intermediates with different chemical properties (ionic

species, radicals, etc.).
5 Experimental

Malonic acid (MA), NaBrO3, ferroin (Fe), NaBr, sulfuric acid

and bromine were commercial grade reactants (Fluka) and used

without further purification. C14DMAO was a gift of Prof. H.

Hoffmann (Bayreuth Center for Colloids & Interfaces). Stock

solutions were prepared by weight before use. Deionized water

from reverse osmosis (Elga, model Option 3), having a resistivity

higher than 1 MU cm�1, was used to prepare all solutions. The

concentrations of NaBrO3 (0.12 mol dm�3), MA (0.03 mol dm�3)

and H2SO4 (0.30 mol dm�3) were kept constant for all the

experiments while the others were varied in the following ranges:

0 < [C14DMAO] < 9.0 � 10�2 mol dm�3, 2.8 � 10�4 mol dm�3 <

[Fe] < 7.0 � 10�3 mol dm�3, 1.0 � 10�3 mol dm�3 < [NaBr] < 3.0

� 10�3 mol dm�3.

In order to follow the evolution of spirals and patterns,

experiments were performed in a pseudo 2-dimensional reactor.

The reactive solution was sandwiched between two 49 mm

diameter boro-silicate optical windows, kept apart by a 100 mm

thick teflon gasket with an internal diameter of 25 mm. The

sample was illuminated from below with a LED light source,

while a CCD camera (PiXeLink PL-A774), equipped with a close

focus zoom 10� (Edmund optics) and a band pass interference

filter (Edmund optics, l ¼ 510 nm), was placed above the sample

and connected to a PC for image acquisition. Space–time (ST)

plots were built by cutting thin slices (1 pixel) from the same

region of every frame of the recorded sequences and pasting them
This journal is ª The Royal Society of Chemistry 2011
sequentially together in a new image. Every pixel on the time axis

represents the image capture sampling time (1 s), and the space

axis represents the actual space spanned by the waves. Waves and

fronts speeds were calculated from the slope of diagonal lines in

ST plots.

Spectrophotometric experiments were performed in quartz

cuvettes with a PC-controlled diode-array (Analytic Jena Spe-

cord S600) or with a PC-controlled UV-Vis spectrophotometer

(Beckman DU 640). Both the instruments were equipped with

a magnetic stirring apparatus. Both the absorbance of ferroin

(l ¼ 510 nm, 3 ¼ 1.1 � 104 mol�1 dm3 cm�1) and ferriin (l ¼
630 nm, 3 ¼ 620 mol�1 dm3 cm�1) were collected over time.

Experiments on the formation of the CTC complex were per-

formed by following spectrophotometrically the increment in the

absorbance of the maximum at 271.5 nm vs. [C14DMAO]. Every

sample was prepared by diluting the proper amount of stock

solutions to obtain the desired C14DMAO concentration (1.0 �
10�3–6.0 � 10�3 mol dm�3) and the following initial reactant

concentrations: [Br2] ¼ 6.0 � 10�4 mol dm�3, [H2SO4] ¼ 0.3 mol

dm�3.

All experiments were performed at room temperature

(�24 �C).
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