Article
pubs.acs.org/JPCA

Forcing of Turing Patterns in the Chlorine Dioxide−Iodine−Malonic
Acid Reaction with Strong Visible Light
Raphael Nagao,†,‡ Irving R. Epstein,† and Milos Dolnik*,†
†

Department of Chemistry and Volen Center for Complex Systems, MS 015, Brandeis University, Waltham, Massachusetts 02454,
United States
‡
Institute of Chemistry of São Carlos, University of São Paulo CP 780, CEP 13560-970, São Carlos, SP, Brazil
ABSTRACT: We investigate the sensitivity of Turing patterns
in the chlorine dioxide−iodine−malonic acid reaction to
illumination by strong white light. Intense illumination results
in an increase of [I−], in contrast to previous studies, which
found only decreased [I−] for weak and intermediate
intensities of illumination. We propose an expanded
mechanism to explain the experimental observations. Both
experimental and numerical results suggest that [ClO2] is the
key parameter that determines whether the high iodide state is
obtained under strong illumination. When strong illumination
is applied through a spatially periodic mask with black and
white stripes, a dark state with high [I−] is produced in the illuminated domain and a light state with low [I−] forms in the
nonilluminated domain. Depending on the black:white ratio of the mask and its wavelength, Turing patterns can coexist with
either the light or the dark state in the nonilluminated domain.

1. INTRODUCTION
Formation of Turing patterns (TP) in the chlorite−iodide−
malonic acid (CIMA) reaction and its variant, the chlorine
dioxide−iodine−malonic acid (CDIMA) reaction, has been
thoroughly studied because of the ﬁrst experimental veriﬁcation1 of Turing’s theoretical predictions.2 In recent years many
studies on Turing pattern formation have utilized the
photosensitivity of the CDIMA reaction to control the pattern
formation and to produce novel patterns, including superlattice
patterns3 and square Turing patterns.4 Many of these patterns
do not form spontaneously, and some of them can only be
sustained in the presence of spatiotemporal forcing. The light
sensitivity of the CDIMA reaction has been investigated by
several research groups, and it is relatively well understood what
triggers the photosensitivity of the CDIMA reaction: when
visible light is applied, photons absorbed by molecular iodine
initiate its photodissociation, and this rate-determining step
results in formation of reactive iodine atoms. What happens
next is less clear, but the general consensus is that a sequence of
fast reactions results in the overall reduction of chlorine dioxide
to chlorite and in the oxidation of iodide back to molecular
iodine.5
The eﬀect of light on pattern formation in the CDIMA
reaction has often been simulated using a simple Lengyel−
Epstein (LE) model6 modiﬁed to include the eﬀect of
illumination. This model treats only iodide and chlorite as
variables and assumes that all other concentrations, including
iodine, malonic acid, and chlorine dioxide, do not change
signiﬁcantly; a quasi-steady state approximation for these
species is applied. This assumption is reasonable in many
© 2013 American Chemical Society

cases, including when illumination is weak and when the input
reagents are delivered in relatively high concentrations, so that
changes due to reaction do not signiﬁcantly aﬀect them. Even
though more detailed models for the reaction have been
proposed,5,7−9 these extended models are not as practical for
numerical simulations of pattern formation in the presence of
light. Because most recent experimental studies have utilized
relatively weak illumination, the LE model suﬃced and the
results of simulations were typically in good agreement with the
experimental results.10−18
In this paper, we report our investigation of the eﬀect of
strong white light on pattern formation in the CDIMA reaction.
We show that strong illumination results in consumption of
iodide ions in the illuminated area as observed in the case of
weak illumination, but this decrease in [I−] is only temporary
and is followed by sudden production of iodide. We propose a
modiﬁed scheme and expand the LE model to account for the
eﬀects of strong illumination by taking into account that the
assumption of ﬁxed chlorine dioxide concentration is invalid
and introducing [ClO2] as a variable in the model.

2. EXPERIMENTAL PROCEDURE
Patterns were studied in a continuously fed unstirred reactor
(CFUR) consisting of a 2% agarose (Sigma-Aldrich) gel with
thickness 0.3 mm and diameter 25 mm. One side of the CFUR
was placed against an impermeable optical glass window,
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through which the uniform illumination was applied. On the
other side, it was coupled to a continuously fed stirred tank
reactor (CSTR). All the solutions pumped into the CSTR
compartment, which had a chamber volume of 2.7 mL and a
residence time of 160 s, were homogenized by three magnetic
stirring bars rotated at a constant speed of 1000 rpm. The
CSTR served as a feeding chamber to the CFUR to maintain an
open system. The reactors were separated by two membranes: a
cellulose nitrate membrane (Whatman) with pore size 0.45 μm
and thickness 0.12 mm, placed beneath the gel for enhanced
contrast, and an Anopore membrane (Whatman) with pore size
0.2 μm and overall thickness 0.10 mm, impregnated with 4%
agarose gel to provide rigid support to the gel and to separate
the CFUR from the intensively stirred feeding chamber. The
reactor assembly was thermostatted at 4 °C.
The CDIMA reaction was carried out by mixing a set of three
solutions in the CSTR, which was fed independently at the
same ﬂow rate through three peristaltic pumps (Rainin). Each
solution was prepared by dissolving the reagent(s) in distilled
water containing 10 mM H2SO4 (Fisher). I2 (Sigma-Aldrich),
ClO2 prepared as described in ref 19, and a mixture of malonic
acid (MA, Sigma-Aldrich) and poly(vinyl alcohol) (PVA,
Sigma-Aldrich) with average molecular weight 9000−10000
and 80% hydrolyzed were used as reagents. The initial
concentrations at the instant of mixing in the feeding chamber
were the same in all experiments: [I2]0 = 0.4 mM, [MA]0 = 1.8
mM, [ClO2]0 = 0.14 mM, and [PVA]0 = 10 g L−1. A PCcontrolled DLP projector (Dell 1510X) was used to implement
the uniform and spatially periodic white light illumination of
the CFUR. The light intensity was measured with a Newport
1815 optical power meter. A CCD camera (Pulnix) equipped
with a camera control unit (Hamamatsu) was used to record
images of the TP. Snapshots were taken in ambient light of 0.6
mW cm−2 with no illumination projected on the CFUR.

Figure 1. (a) Temporal evolution of the PVA−triiodide complex, cI3−,
in the CDIMA reaction under strong illumination. The relative
concentration of cI3− is estimated from the average value of the gray
levels calculated for the snapshot areas shown in b. (b) Snapshots with
size 5 mm × 5 mm: labyrinthine Turing patterns in (A) the unforced
CDIMA reaction−diﬀusion system, and after 2 h of uniform
illumination with light intensity: (B) 10 mW cm−2; (C) 60 mW
cm−2; (D) 100 mW cm−2.

few minutes there was a sharp decrease followed by a
subsequent increase of [cI3−], reaching a stationary state after
about 60 min. Figure 1b, plate C, shows that under this light
intensity the average concentration of [cI3−] estimated from the
snapshot grayscale was similar to the average [cI3−] of the initial
pattern with no illumination. This result suggests that the
illumination may also induce production of [I−]. This eﬀect of
light on the CDIMA reaction is more evident for stronger light
intensity, I = 100 mW cm−2. Figure 1b, plate D, shows a
snapshot that is on average about 23% darker compared to
plate A. As in the previous case, there was a sharp decrease
followed by an increase in [cI3−]. In this case of very strong
illumination, the stationary concentration of the complex,
[cI3−], reached a higher value than when I = 60 mW cm−2 was
applied. In all cases, the TP were suppressed by the
illumination.
These observations suggest that several important steps aﬀect
the cI3− concentration. The initial decay of [cI3−] soon after the
light is applied, followed by an increase of this concentration
indicates that there are at least two competing processes
triggered by the illumination, one that ﬁrst consumes the
complex ion cI3−, and another that later increases the
concentration of this species. In our experiments the
concentration of iodine is high and can be considered as
ﬁxed; the concentration of complexing agent (PVA) is also
constant. The only species that is responsible for the observed
changes in [cI3−] concentration is therefore iodide. In section 4
we describe and discuss in detail how the iodide concentration
is aﬀected by the strong illumination.
Previous results with weak and intermediate illumination of
the CDIMA reaction showed that stripe spatial periodic forcing
can either imprint the mask pattern or result in formation of a
new TP, depending on the light intensity and the wavelength of
the mask relative to the intrinsic wavelength of the unperturbed
pattern.20 In this study with strong illumination we also carried
out several experiments with a stripe mask. The results are
summarized in Figures 2−4. Figure 2 shows the temporal
evolution of a pattern produced by illumination through a

3. EXPERIMENTAL RESULTS
The Turing patterns started to emerge approximately 40 min
after the start of feeding the reagents into the CSTR. It took
several hours for the pattern to become stationary. Once there
was no noticeable change in the pattern, the intrinsic
wavelength, λP, was evaluated from the Fourier spectrum of
the pattern snapshot. The observed average wavelength of the
spontaneously developed patterns in our experiments was λP =
0.40 ± 0.01 mm. Labyrinthine patterns (i.e., combinations of
randomly oriented stripes and a few spots) were found at this
set of concentrations, in agreement with previous results.4
To study the eﬀect of illumination, we projected a spatially
uniform white image on the gel layer and took snapshots over
the course of the 2 h of illumination. The changes in
concentration of the PVA−triiodide complex, denoted here as
[cI3−], in the gel layer were estimated from the average
grayscale levels of the recorded snapshot area of 5 mm × 5 mm.
Figure 1a displays the time evolution of [cI3−] for Turing
patterns illuminated at several diﬀerent light intensities. When
the intensity of illumination was about I = 10 mW cm−2, i.e.,
relatively low, light suppressed the pattern (Figure 1b, plate A)
and shifted the system into a state with low [cI3−], which was
manifested as increased brightness of the snapshots. The
pattern was suppressed within a few minutes, and after about 20
min a uniform state was obtained that remained stationary for
the duration of the illumination (Figure 1b, plate B).
When stronger illumination was applied, e.g., I = 60 mW
cm−2, a diﬀerent temporal behavior was observed. In the ﬁrst
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mW cm−2. Snapshots taken at 1 min after the start of
illumination illustrate that [cI3−] dropped quickly in the
strongly illuminated area. The fall in [cI3−] was accompanied
by ClO2 consumption and chlorite ion production in the
illuminated area.5
The pattern in the nonilluminated areas was also aﬀected by
the illumination, though the TP were not always suppressed.
For example, Figure 3a shows a labyrinthine TP in the central
portion of the dark area of the mask that was preserved for
some time. Nevertheless, after 120 min of illumination the TP
in these regions were compressed by the expansion of the
bright state induced by photochemical reaction. This eﬀect was
more evident when the black:white ratio of the stripe mask
decreased. Figure 3b shows that after 2 h of illumination almost
all TP were suppressed, and only a trace could be observed near
the center of the black stripe mask domains.
When the illumination was applied through a mask with a
black:white ratio 50:50, dark stripes were obtained in the
illuminated area (Figure 3c, snapshot at 120 min). As in Figure
2, the illumination ﬁrst resulted in the consumption of I− and
then dark stripes in the illuminated area emerged due to the
increase of [I−]. The localized consumption of iodide and
production of chlorite immediately after strong illumination
was applied also resulted in suppression of TP in the vicinity of
the illuminated area. This eﬀect probably results from diﬀusion
of I− and ClO2 into the illuminated area, where the
concentration of these two species is low, and from diﬀusion
of chlorite out of the illuminated area.
The black:white ratio of the forcing mask plays an important
role in the dark stripe formation. For forcing wavelength λF =
10λP, we observed dark stripe formation only if the black:white
ratio was 50% or less. Figure 3c suggests that for black:white
ratio 50:50 the total number of photons absorbed by the system
exceeds the value at which illumination triggers a process of
iodide production that leads to formation of dark stripes. We
propose that this process involves a reaction between ClO2 and
atomic iodine. ClO2 is also photosensitive, and it may play an
additional role in the photosensitivity of this reaction.
The extent of TP suppression in the nonilluminated area is
also aﬀected by the forcing wavelength. Figure 4 shows results
of experiments using a stripe mask with a 50:50 black:white
ratio for four forcing wavelengths from λF = 1.5λP to λF = 20λP.
Parts a and b of Figure 4 show results for λF = 1.5λP and λF =
2.3λP, respectively. Even though the total amount of light
illuminating the working area of the gel (on average 50 mW
cm−2) is the same in both experiments, dark stripes appear in
the illuminated areas only in Figure 4b. This suggests that the
consumption of ClO2 in the surroundings of the illuminated
area plays a signiﬁcant role in the increase of [cI3−] and the
appearance of dark stripes. If the stripes are narrow, ClO2 can
diﬀuse back into the entire illuminated region, whereas if the
stripes are broad, ClO2 does not reach the center of the
illuminated stripes in high enough concentration to consume
the iodide, and dark cI3− can form. We observe that the dark
stripes begin to emerge when λF > 2λP.
When the forcing wavelength is increased to λF = 10λP
(Figure 4c), the light suppresses the TP in both the illuminated
and the nonilluminated areas. An interesting phenomenon is
observed when the forcing wavelength is increased even further.
Figure 4d shows that for still larger forcing wavelengths (λF =
20λP) it is possible to maintain TP in the nonilluminated areas
even for long periods of illumination. However, the TP are
partially suppressed in the nonilluminated regions.

Figure 2. Pattern evolution under stripe spatial periodic forcing with
λF = 6.5λP and I = 100 mW cm−2. Each snapshot has area 11 mm × 5.5
mm.

stripe mask with forcing wavelength λF = 6.5λP and light
intensity I = 100 mW cm−2 in the white area of the mask. The
light intensity in the dark (black) area of the mask is 0.6 mW
cm−2.
In this experiment the image of a stripe mask was projected
on the stationary TP for 120 min. In accordance with the
temporal behavior shown in Figure 1, the illuminated areas of
the TP were suppressed within a short period of time (<1 min).
The patterns in the nonilluminated areas persisted for several
minutes, but they were also aﬀected by the strong illumination
of the adjacent area. All TP were completely suppressed within
about 7 min. At around the same time a darkening of the
illuminated stripes started to be noticeable. This darkening
gradually intensiﬁed, and within 120 min from the start of
illumination a well-deﬁned pattern of dark stripes formed. The
dark stripes were surrounded by white stripes, and the resulting
pattern appears as a negative image of the stripe mask used for
the forcing (Figure 2). Note that the temporal evolution of the
dark stripes was similar to the changes observed during the
uniform illumination as shown in Figure 1. In contrast with
stripe periodic forcing with weak and intermediate illumination,20 here the TP in the nonilluminated area was also
suppressed.
It is evident that the light intensity, forcing wavelength, and
black:white ratio of the stripes can aﬀect the dark stripe pattern
formation. All these parameters control the number and
distribution of photons that the system is receiving. We studied
the eﬀect of the black:white ratio of the forcing stripes, and the
results for three diﬀerent values of this ratio are shown in
Figure 3 for a ﬁxed forcing wavelength λF = 10λP and I = 100

Figure 3. Patterns under stripe spatial periodic forcing with λF = 10λP
and I = 100 mW cm−2 with diﬀerent black:white ratios of the mask:
(a) 70:30; (b) 60:40; (c) 50:50. Other parameters as in Figure 2.
9122

dx.doi.org/10.1021/jp4073069 | J. Phys. Chem. A 2013, 117, 9120−9126

The Journal of Physical Chemistry A

Article

the acquired snapshots. As expected, [cI3−] depended strongly
on the chlorine dioxide concentration.
We compared the eﬀects of diﬀerent levels of illumination
using the normalized relative concentration of cI3−. We used
the experiment with input [ClO2]0 = 0.05 mM in the absence
of forcing by illumination as a baseline, i.e., relative [cI3−] = 1.0
au. Overall, increasing [ClO2]0 decreased [cI3−]. At higher
[ClO2]0 (e.g., 0.20 and 0.25 mM), [cI3−] at light intensities 10−
60 mW cm−2 was lower than without illumination. However, a
state with higher [cI3−] is obtained at an intensity of I = 100
mW cm−2 for all [ClO2]0 studied. When the input of ClO2 was
decreased below 0.15 mM, [cI3−] increased. Nevertheless, at I =
10 mW cm−2 [cI3−] was always less than its level in the
nonilluminated TP. Note the sharp transition between bright
and dark states at I = 60 mW cm−2 when [ClO2]0 was
decreased from 0.15 to 0.10 mM. Clearly, light intensity and
[ClO2] are the key parameters that control the production of
I−. In the next section, we propose a model in which ClO2 is
considered as a variable species to account for our experimental
observations.

4. MECHANISM OF THE CDIMA REACTION WITH
STRONG ILLUMINATION
The CDIMA reaction in the presence of complexing agent, c
(starch or PVA), is described by the following steps with
corresponding rate equations:21

Figure 4. Patterns under stripe spatial periodic forcing with a 50:50
black:white ratio and I = 100 mW cm−2 . Wavelength of forcing (a) λF
= 1.5λP, (b) λF = 2.3λP, (c) λF = 10λP, and (d) λF = 20λP. Each
snapshot shows an area of 11 mm × 5.5 mm. The snapshots were
taken 1 and 120 min after the applied external perturbation.

MA + I 2 → IMA + I− + H+

r1 =

k1a[MA][I 2]
k1b + [I 2]
(M1)

The photosensitivity of the CDIMA reaction has been
attributed to the formation of iodine atoms by dissociation of
iodine molecules in a zeroth-order reaction.5 In this scheme,
the atomic iodine concentration is directly proportional to the
light intensity, assuming a quasi-stationary state of several key
species, including ClO2. However, under strong illumination
the concentration of ClO2 is depleted by reaction with iodide,
and the concentration of the former species starts to play a
signiﬁcant role. Therefore, we have investigated the role of the
ClO2 input concentration on the CDIMA reaction in the gel
layer under diﬀerent strengths of spatially uniform illumination.
Figure 5 summarizes these results. In all experiments,
illumination led to suppression of TP, and we estimated the
relative steady state concentration of cI3− from the grayscale of

−

−

ClO2 + I → ClO2 + (1/2)I 2

−

r2 = k 2[ClO2 ][I ]
(M2)

ClO2− + 4I− + 4H+ → 2I 2 + Cl− + 2H 2O
k [ClO−2 ][I 2][I−]
r3 = k 3a[ClO2−][I−][H+] + 3b
u + [I−]2

I− + I 2 + c ⇌ cI3−

(M3)

r4 = k4[I−][I 2][c] − k −4[cI3−]
(M4)

The reaction for the photosensitivity of the CDIMA reaction
was studied by Muñuzuri et al.,5 and its overall stoichiometry
was described as
hν + 2ClO2 + 2I− → 2ClO2− + I 2

r5 = φW

(M5)

where W is the rate of absorption of actinic photons per unit
volume and φ is the quantum yield.22 Horváth et al.7 proposed
a modiﬁed mechanism for the illuminated CDIMA reaction
with a dependence on [ClO2] and [I−] that better described the
experimentally observed phenomena. Rábai and Kovácz23
investigated in detail the photosensitivity of the I2−ClO2
reaction and found that this reaction is independent of the
ClO2 concentration when ClO2 is in excess. They proposed a
new mechanism for the photosensitive reaction, in which Cl−
and ClO3− are produced instead of ClO2−, which they argue is
an unlikely product of illumination. The mechanism proposed
by Rábai and Kovácz includes 18 steps, but the overall
photoresponse of the CDIMA reaction is determined by the
slow photodissociation of I2, because the other reactions are
much faster than this step. The rate law for the photoinduced
part of the CDIMA reaction reported by these authors is r5 =
kobs[I2] = k5φP[I2], where P is the integrated light power

Figure 5. Stationary state of the relative concentration of cI3− after 60
min of uniform illumination with diﬀerent initial concentrations of
ClO2, calculated from the gray level average in the snapshot area of 5
mm ×5 mm.
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entering in the cell. This expression is consistent with the rate
r5 in (M5) if k5P[I2] is replaced by W.
Note that the proposed rate r5 is independent of [ClO2]. It
therefore cannot hold at very low concentrations of ClO2. To
keep the mechanism as simple as possible, we use the
stoichiometry for the photosensitivity of the CDIMA reaction
proposed by Muñuzuri et al.5 and we limit ClO2 removal at low
[ClO2] with a modiﬁed rate expression:
r5′ =

Table 1. Parameters and Initial Conditions for Numerical
Integration of the Modiﬁed Kinetic Model of the CDIMA
Reactiona
parameters
k1a
k1b
k2
k3a
k3b
k4
k−4
k5′
k6
u
α
φ
k0
[MA]
[I2]
[c]
[H+]
P
initial condition

k5′φP[I 2][ClO2 ]2
α + [ClO2 ]2

(M5′)

where α is a parameter chosen so that for [ClO2] ≪ α the
rate r5′ depends signiﬁcantly on [ClO2].
Rábai and Kovácz23 also suggest that at very strong
illumination, when the concentration of iodine atoms is high,
reaction between ClO2 and iodine atoms is of signiﬁcant
importance and leads to formation of iodide ions:
1/2

•

ClO2 + I + H 2O →

ClO3−

−

+ I + 2H

+

(M6)

Because the concentration of iodine atoms produced by
photodissociation of molecular iodine is dependent on the
rate of absorption of actinic photons, W, we use an analogous
term for step M6 as for step M5. We also assume that reaction
M6 is an elementary reaction whose rate is proportional to
[ClO2], r6 = k6φP[I2][CIO2].
Our experiments provide further evidence that the iodideproducing step is important at high intensities of illumination.
However, in excess ClO2 the iodide ions produced in step M6
are immediately oxidized back to I2 by step M2, and no
signiﬁcant increase in [cI3−] is observed. The increase in [I−] in
the illuminated area not only requires strong illumination that
initiates step M6 but also requires low concentration of ClO2 in
the system. ClO2 is not produced by any reaction; it is only
supplied by the inﬂow term. This reagent is consumed by step
M2, and strong illumination further depletes ClO2, which
implies that at low [ClO2] the iodide ions produced by step M6
are not all converted back to iodine but participate in the
equilibrium step (M4). This may explain the increase in [cI3−]
observed in our experiments with strong illumination at low
[ClO2].
Our modiﬁed model of the CDIMA reaction under strong
illumination utilizes the scheme (M1)−(M6) with rate law
(M5′) replacing (M5). Taking [I2], [MA], and [c] as timeindependent parameters, the model in a CSTR can be reduced
to
d[I−]/dt = r1 − r2 − 4r3 − r4 − 2r5 ′ + r6 − k 0[I−]
−

−

d[ClO2 ]/dt = r2 − r3 + 2r5 ′ − k 0[ClO2 ]

[I−]0
[ClO2−]0
[ClO2]0
[cI3−]0
a

= r4 −

−1

6.2 × 10
5.0 × 10−5
900
100
9.2 × 10−5
106
1
0.2
1800
10−14
10−9
0.46
0.01
1.0
0.6
5.0
2.0
0−60

s
M
M−1 s−1
M−2 s−1
s−1
M−2 s−1
s−1
cm2 W−1 s−1
cm2 M−1 W−1 s−1
M2
M2
s−1
mM
mM
mM
mM
mW cm−2
values

units

0
0
0.01−0.05
0

mM
mM
mM
mM

The rate constants are adapted for 4 °C.

(1)
Figure 6. Time evolution of [cI3−] calculated at P = 1.0 mW cm−2
(dashed-dotted line), P = 10 mW cm−2 (dotted line), P = 30 mW
cm−2 (dashed line), and P = 60 mW cm−2 (solid line) and [ClO2]0 =
0.025 mM. The upward arrow shows the start of illumination.

(2)

(3)

k 0[cI3−]

units
−4

results obtained were qualitatively similar to the experiments.
Figure 6 shows the time evolution of [cI3−] for several
integrated light powers entering the cell.

d[ClO2 ]/dt = −r2 − 2r5 ′ − r6 + k 0([ClO2 ]0 − [ClO2 ])

d[cI3−]/dt

values

(4)

A light perturbation of P = 1.0−60 mW cm−2 was applied at
16 min, when the system had reached the stationary state.
Figure 6 shows that for weak and intermediate illumination (P
= 1.0 and 10 mW cm−2) the concentration of the PVA−
triiodide complex decays. When the illumination is suﬃciently
stronger, e.g., 30 or 60 mW cm−2, the decrease of [cI3−] is
followed by a subsequent increase and reaches darker states for
higher intensities of illumination. The simulations thus conﬁrm
the experimentally observed dependence of [cI3−] on the
intensity of illumination (Figure 1).

where k0 is the inﬂow rate (reciprocal residence time) of the
CSTR.
This set of coupled nonlinear ODE was numerically
integrated using the tool ode45 from the software package
Matlab. In Table 1, we list all parameters and initial conditions.

5. NUMERICAL SIMULATIONS
The concentration of [cI3−] in the CDIMA reaction under
strong illumination was calculated from eqs 1−4. Overall, the
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The [I−] increase induced by strong illumination results in
signiﬁcant consumption of ClO2 and triggers step M6. When
[ClO2] is very low, the photoreaction step (M5′) still takes
place, but with signiﬁcantly reduced reaction rate r5′ compared
to r6. Step M2 also plays an important role in the kinetics when
strong illumination is applied. Because ClO2 is only supplied by
the inﬂow from the CSTR, a decrease in [ClO2] leads to an
increase in [I−]. We also performed CSTR experiments when
the ClO2 pump was turned oﬀ ([ClO2]0 = 0 mM). The system
became very dark (high [cI3−]) and insensitive to illumination.
The simulations conﬁrmed that chlorine dioxide is important
for the [cI3−] increase when strong illumination is applied.
The results of the experiments shown in Figure 5 were also
qualitatively reproduced by our simulations, as shown in Figure
7. The stationary values of [cI3−] were evaluated after 80 min of
illumination with [ClO2]0 between 0.02 and 0.05 mM.

experimental and numerical results, such as the weaker
sensitivity to the illumination can be explained at least in part
by the diﬀerent conditions for which the simulations were
carried out. In the experiments the data were collected by
taking snapshots of the patterns in the CFUR, and the mean
grayscale level of the snapshots was used to estimate the relative
concentration of cI3−. Our numerical simulations are based on
rate equations in a CSTR setup. Despite these quantitative
disagreements, the modiﬁed model with the inclusion of ClO2
time evolution qualitatively reproduces the experimental
observations, supporting our proposed photochemical mechanism.

6. DISCUSSION AND CONCLUSIONS
In this paper, the light sensitivity of the CDIMA reaction was
investigated over a wide range of intensities of illumination
using white light. A new phenomenon was discovered: when
strong illumination is applied to Turing patterns in the CDIMA
reaction, the I− and cI3− concentrations in the system increase,
whereas when weak or intermediate illumination is applied,
these concentrations decrease. A modiﬁed mechanism was
proposed to explain the experimental observations. The
experimental and numerical results indicate that ClO2 is the
key parameter in obtaining the dark state with high [cI3−] that
appears in the presence of strong illumination. We also
demonstrated that when strong illumination through a spatially
periodic mask with black and white stripes is applied, the dark
state is produced in the illuminated domain and a light state
with low [cI3−] forms in the nonilluminated domain.
Depending on the black:white ratio of the mask and the
wavelength of the periodic spatial forcing, Turing patterns may
coexist with the light state in the nonilluminated domain.
Diﬀerent patterns are produced when the wavelength of the
spatial forcing is increased. Even though on average all patterns
shown in Figure 4 receive the same number of photons,
localized consumption of ClO2 plays a key role in the formation
of the dark state domains. As the forcing wavelength increases,
the width of both the dark and light state domains increases.
Under strong illumination, when the black:white ratio is high
(Figure 3a,b) or the forcing wavelength is short (Figure 4a), the
localized consumption of ClO2 and iodide is replenished by
diﬀusion from the nonilluminated domains with higher
concentrations, resulting in the light (low [cI3−]) state. The
formation of dark stripe domains with high [cI3−] (Figures 2,
3c, and 4b−d) suggests that there is a spatial gradient of [ClO2]
perpendicular to the stripes. The regions closer to the TP
contain a higher [ClO2], and a light state is observed. When
larger forcing wavelengths are used, as depicted in Figure 4d, a
dark state in the illuminated domain is surrounded by stripes of
light states and TP as well.
Our experimental results demonstrate that white light can be
used to control the formation of I− and consequently the cI3−
concentration in the CDIMA reaction. The [cI3−] increase with
strong illumination and its decrease with weak and intermediate
illumination are clearly connected to another species that
directly aﬀects iodide production and consumption. On the
basis of our experimental observations and a modiﬁed model
including the time evolution of [ClO2] and an additional
elementary step for I− production, we suggest that chlorine
dioxide is this key species responsible for the promotion of
[cI3−], triggering diﬀerent reaction mechanisms depending on
its input concentration. This behavior can be induced
experimentally by application of strong light illumination after

Figure 7. Stationary state of [cI3−] after 80 min with diﬀerent [ClO2]0
and integrated light power P, calculated from the modiﬁed kinetic
model for the CDIMA reaction.

When the input concentration of ClO2 was decreased from
0.05 to 0.02 mM in the absence of illumination, we observed a
gradual increase in [cI3−]. However, with illumination of
intensity P = 60 mW cm−2, above [ClO2] = 0.033 mM, the
illumination induced a bright state with very low concentrations
of [cI3−], whereas below this critical concentration, a darker
state was found. At low intensities of illumination (P = 1.0 mW
cm−2) no such behavior and discontinuity were observed. For
these low intensities of illumination a state with higher
concentration of [cI3−] compared to the state of a system
with no illumination was obtained in the studied range of
[ClO2]0.
The key parameter for the increase of [cI3−] is the
concentration of ClO2, and illumination should induce the
increase of [cI3−] simply by the depletion of ClO2 in the
system, thereby slowing steps M2, M5, and M6.
We observed that the CSTR compartment is not optically
isolated from the CFUR, and we found that about 15% of the
total amount of light passes through the membranes and
illuminates the reactants in the CSTR compartment. This leads
to an additional consumption of ClO2 in the CSTR
compartment that aﬀects the input concentration of ClO2 at
the CFUR boundary.
For high input [ClO2] and/or low light intensities, the
changes in [ClO2] in the CSTR and CFUR compartments are
not signiﬁcant and do not aﬀect the photosensitivity of the
reaction. The slight discrepancies found between the
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Spatial Periodic Forcing of Turing Structures. Phys. Rev. Lett. 2001, 87,
238301-1−4.
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Rearrangement Dynamics of Fishbonelike Turing Patterns Generated
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(18) Yang, L.; Dolnik, M.; Zhabotinsky, A. M.; Epstein, I. R. Turing
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Ed.; Academic: New York, 1963.
(20) Dolnik, M.; Bánsági, T., Jr.; Ansari, S.; Valent, I.; Epstein, I. R.
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a signiﬁcant amount of ClO2 has been depleted in the system.
This ﬁnding is of importance in the search for novel patterns
that may emerge in the CDIMA reaction-diﬀusion system
forced by illumination.
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