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We have found a variety of oscillating patterns in the Belous@ivabotinsky (BZ) reactiondiffusion system

with global negative feedback. Bulk oscillations and wave patterns arise at low values of the feedback strength.
When the feedback exceeds a critical value, cluster patterns arise. Besides the standing, irregular, and localized
clusters observed earlier, we have found new types of clusters: three-phase, localized irregular, and localized
oscillatory clusters. A model of three identical Oregonators with global negative coupling yields the same
bifurcation scenario as found in our experiments.

I. Introduction In this paper, we present a detailed study of pattern formation
) o ) in the quasi-two-dimensional BZ reactiodiffusion system with
Spatially extended nonequilibrium systems with global nega- pnhotochemical feedback. We show that besides the base clusters
They are found in heterogeneous catalysis, where exchangeappearance of these clusters and the transitions between them
through the gas phase globally couples sites on the catalyticdepend on the initial reagent concentrations, the target point of
surface. They serve as models of neural networks. Many typesthe system, and the strength of the feedback. We also show
of spatial patterns have been found in theoretical and experi-that the experimentally found scenario of clusteluster
mental studies of chemical systems with GN? Antiphase  pifurcations may be reproduced in a mathematical model
oscillations were first discovered in the electrochemical dis- consisting of three identical Oregonators globally coupled by

solution of nickel under galvanostatic conditiodsLater, negative feedback.
antiphase oscillations of fixed spatial domains were seen in other
electrochemical systems with global feedb&éR:1%-2%0Oscilla- Il. Experimental Section

tory standing patterns have been found in catalytic systems with

global coupling, such as oxidation of CO orP8172loxidation Figure 1a shows a block diagram of the experimental setup.

. . In Figure 1b we see a schematic of the one-sided continuously
,18
of hydrogen on NF*?methylamine decomposition on Riand fed unstirred reactor (CFUR), which consists of a continuously

oxidation of propylene on PE . ) stirred tank reactor (CSTR) described earfteand a thin layer
However, experimental data on standing waves and oscillatory qf sjlica gel25-27 polymerized directly on the front window of

clusters in two-dimensional extended chemical systems are quitehe CSTR. The gel contains the immobilized catalyst Ru-
limited. Homogeneous oscillatory systems are very convenient (pny2+ The one-sided CFUR allows us to reduce significantly
for study of nonequilibrium chemical pattern formation. Oscil- - the concentration gradients of the initial reactants in the gel layer.
latory standing patterns (OSP) have been found in the Rubpy) The front window and the disk of immobilized silica gel are 22

Catalyzed BZ reaction SubjeCted to periodic illuminatfdihe mm in diameter. A ring diaphragm (D) of inner diameter 14
same photosensitive BZ reaction was used in the first experi- mm, which is placed in front of the reactor window, determines
ments on OSP in autonomous, homogeneous, readtitfision the working area illuminated by the analyzing light.

systems with global negative feedb&ékin this system, an The silica gel with Ru(bpyf* is prepared as follows: 90

increase in the average concentration of Ru(¥pydesults in uL of H;0, 110uL of 0.01 M tris(2,2-bipyridyl)ruthenium(l)
increasing the intensity of the actinic light, which produces chioride hexahydrate (Aldrich), 94L of 2 M H,SQy, and 206
bromide ions and inhibits the oxidation of Ru(bgh) Three uL of 1.067 M (11.3%) NaSiOs (10 g NaSiOs x 9 H,0 + 28
types of OSP were found: standing, irregular, and localized mL H,0) are mixed and thoroughly stirred in a small cell, then
clusters. These patterns consist of multiple spatial domains thata portion of the mixture is dropped on the horizontally positioned
display antiphase oscillations. Standing clusters (SC) are optical window of the CSTR. To vary the gel thickndsswve
characterized by periodic antiphase oscillations in neighboring change the volume of the mixture dropped on the window from
fixed spatial domains. Irregular clusters (IC) consist of oscil- 82 uL (0.2 mm thick gel) to 328.L (0.8 mm). In most of our
latory antiphase domains, which change their shape and positiorexperiments we use silica gel with= 0.412 mm and [Ru-
randomly. Localized clusters (LC) contain fixed oscillatory (I1)] o = 2.2 mM. The photoresponse of the BZ system in a gel
antiphase domains that cover only part of the medium, while depends on the gel thickness and has a bell-shaped form with
the remaining area displays no visible patterns. We refer to thesea maximum at 0.30.4 mm (see Appendix 1). In some
three types as the base cluster patterns. Transitions between basexperiments we change the concentration of Ru@pyih the
clusters can be induced by changing the strength of the gel, while the concentrations of ,HO, and NaSiOs; in the
photochemical global feedback. mixture are kept constant. After #12 h of polymerization,
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Figure 1. (a) Experimental setup. IF is interference filter, D is
diaphragm, CFUR is continuously fed unstirred reactor, CSTR is a
continuously stirred tank reactor, Bgs is beam splitter that reflects
75% and transmits 25% of light. PP4 are polarizers, PM is
photomultiplier, PD is photodiode of powermeter, CCD is digital CCD
camera, PC is personal computer, SLM is spatial light modulator
(mask). (b) Continuously fed unstirred reactor (CFUR) consists of 20
mL continuously stirred tank reactor (CSTR) thermostated at@5
and thin layer of silica gel polymerized on reactor optical window (gray
circle 1). Diaphragm (D) selects working area of gel (light gray circle
2). Rectangular frame 3 shows field of view of CCD camera. For other
details, see text.

the gel is washed several times in 0.4 M3, over the next
10—-12 h. The concentration of Ru(ll) in the gel decreases by
30—-40% during the washing procedure, and is the final
concentration [Ru(ll)] is aboutl.5 mM. The remaining Ru-
(bpy)?t is fixed in the gel more or less firmly, since the rate
of decrease of [Ru(llj]is less than 0.1% per hour. The optical
density of the gel at = 450 nm is about 0.9 after washing.
During the experiment the total concentration of catalyst, [Ru-
(ID] + [Ru(lln], decreases slowly, which is manifested in a
decreasing amplitude of the gel bulk oscillations that start if
the light is switched off. The rate of catalyst escape from the
gel or catalyst inactivation due to formation of inactive and
insoluble complexes of Ru(ll) or Ru(lll) with Br?® does not
exceed 2% per hour during the experiment.

A peristaltic pump delivers stock solutions of NaBr, malonic
acid (MA), NaBrG; and SOy into a premixing chamber and
then into the CFUR. In all experiments the initial reagent
concentrations correspond to the oscillatory region of the

parameter space. The steady-state concentrations of the reagentie silica gell, is much smaller thanmax Typically, I

in the CFUR are calculated according tor§terling et al 2930
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keg = 0.2 M1 s71.28 The residence time of the CSTRy !
(whereky = v/, vs is the total flow rate through the CSTR,
andVp is the volume of the CSTR/p = 20 mL), strongly affects
the steady-state concentration of bromide ions in the CFUR.
For example, wherko, = 1077 s7* (close to a batch reactor),
[Brlss= 6 x 1072 M, while for kg = 1023s™%, [Br]ss= 1.2

x 10~* M for initial concentrations corresponding to casesa
in Table 1. In most of our experiments, we Uge= 1074 s,

In some experiments, we chaniggto vary the photosensitivity
of the BZ reaction, which increases with the rate of [Br
input32:33

Analyzing light from a 45 W tungsten lamp (L1) passes
through a set of lenses, an interference filter IF450 with
wavelength maximum atmax = 450 nm, the diaphragm, the
silica gel with the immobilized catalyst in it, two beam splitters
(BSrs2sand BSors0), polarizer P3, and another interference filter
IF450, and is then collected by a photomultiplier (PM). After
passing through the silica gel, all the light (except the light
reflected by the beam splitters) is collected by a lens and directed
to the PM. We thus measure the gel absorp#gnaveraged
over the working area of the silica gel.

The crucial part of the setup is the negative global optical
feedback loop. In our system, the intensity of the actinic light
increases when the average [Ru(kpy) rises, and decreases
when it falls. A signal from PM goes through a set of amplifiers
and then to a driver that rotates one of the two crossed polarizers,
P1. For the intensity of actinic lightincident on the silica gel,
the following expressions hold:

| = 1oy SINF(/2 — ) = 1, SIP(KS(U — Urg)) =

e SIM(O(Zey — Z)) (1)

max

Hered is the angle between the principal axes of the polarizers;
Imax is the maximum intensity of the light from the 450 W arc
lamp (L2) passing through a water (heat) filter, band-pass filter
(400-500 nm), and beam splitter Bgxso and reflected from
beam splitter B&»5 g is the feedback coefficient, which can
be changed by varying the gathof a dc amplifier “g” (A“g");
c is a scaling factor which transforms voltage to angleis a
signal (measured in V) from the logarithmic amplifier (LA),
which is directly proportional to [Ru(bpydlay; AU/7 (V) =
AAs = A[Ru(Il)]ahAessg h is the gel thickness; anflesso is
the difference between the extinction coefficients of Ru(ll) and
Ru(lll) at A = 450 nm. The angl® can vary only between 0
andzr/2 due to mechanical constraints, but the differerde-(
Uref) is allowed to be negative. The target pafhis set by the
reference voltagBgres (RV). The whole silica gel area, including
the working area, is illuminated uniformly (to within better than
2%) through a specially arranged set of lenses.

The intensity of the 45 W tungsten lamp light incident on

0.01hax andlmax = 4.3 mW/cn?. The intensity of the actinic

The results of our calculations of the initial reagent concentra- light is measured by a power meter with a photodiode (PD).

tions in the working CSTR are presented in Table 1. The is not high enough to suppress bulk oscillations in the silica
concentrations are arranged in Table 1 in increasing order of gel, but is sufficient to observe the image of the gel with the
the ratio r, where r = kg[H™]{[BrOs1¢/(33km[MA]¢+ + video camera. The image data recording system consists of a
ks[BrMA]: + kgg[BroMA]ys)). This ratio characterizes the monochrome CCD video camera (Javelin Electronics, JE7362)
distance of the working point from the boundary between the and a personal computer (PC) with a special video card All-
oscillatory and reduced steady-state regions in the space ofin-Wonder Pro. The interference filter IF450 is placed in front
reagent concentrations. The constaks ks, andkgg are the of the 135 mm lens of the video camera. A 55 mm extension
rate constants for the reactions of Ru(lll) with malonic acid, tube is inserted between the 135 mm lens and the video camera.

bromomalonic acid and dibromomalonic acid, respectiviely;
is the rate constant of production of Br@adicals. We use the
valuesky =33 M 251 ky=02M1lsl kg=55M1g131

The image size used is 320 240 pixels, eight bits per pixel.
Another source of actinic light (150 W Xe arc lamp, L3) can
be used to create a predetermined pattern of initial conditions.
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TABLE 1: Initial Reagent Concentrations (Subscript 0, in M) in Stock Solutions and Final Concentrations (Subscript f, in M)
in a CSTR with Silica Gel

[H2SO4o [BrOs7o [MA] o [Brlo [H*]s [BrOs 7]t [MA] ¢ [BrMA] ¢ [BraMA] ¢ 10r

a 0.45 0.25 0.3 0.1 0.3 0.2 0.194 0.0624 0.0438 0.173
b 0.5 0.25 0.3 0.1 0.35 0.2 0.194 0.0612 0.0444 0.205

c 0.5 0.25 0.25 0.1 0.35 0.2 0.149 0.0526 0.0487 0.239
d 0.708 0.25 0.292 0.15 0.483 0.175 0.15 0.059 0.083 0.257
e 0.83 0.3 0.5 0.125 0.643 0.238 0.362 0.0887 0.0494 0.308
f 0.75 0.312 0.375 0.125 0.563 0.25 0.245 0.0731 0.0572 0.344
h 0.7 0.28 0.2 0.125 0.513 0.218 0.087 0.0382 0.075 0.524
j 0.7 0.4 0.2 0.125 0.513 0.338 0.087 0.0379 0.075 0.818
k 0.83 0.208 0.116 0.125 0.643 0.146 0.017 0.0104 0.0885 1.58

The image of a specific mask is focused in the plane of the times greater tham. Clusters emerge if the minimum light
silica gel. The light from the 150 W arc lamp passes through a intensity of the variable actinic light is smaller th&n(during
water filter, a band-pass filter (46®00 nm), and a polarizer  the oscillation phase when [Ru(bp$¥)]av is small) and the
P4. maximum ofl exceedd, (during the oscillation phase when
To protect the photomultiplier tube from the scattered actinic [Ru(bpy)®*]ay is large).
light, we employ crossed polarizers PR3, and P4P3. The At small g, whenl max Sir(7m/2 — 0)max < |2, various traveling
remnants of the parasitic light are compensated electronically wave patterns (most often scroll waves), which look like splitting
by using dc amplifier “1” (A*1") and differential amplifier “1”  or alternating waves in the form of spirals, rings and other
(DAL). The gain of dc amplifier “1” is chosen in such a way geometrical figures, are found in the system. Wheg > 12
that under the condition thdt = O (no analyzing light) the  andg is high enough, all traveling waves are suppressed and
signal V2 from differential amplifier “1” is equal to 0 at any  standing oscillatory clusters may appear. Note thdefined

intensity of actinic light. by eq 1 depends on the initial conditions, sincg Z [Ru-
_ (bpy)®t]ay depends on the initial pattern. If the initial conditions
[ll. Experimental Results are uniform (e.g., the system is in the reduced steady state) the

f amplitude of oscillationsA[Ru(bpy)®*]aw is maximal, since

We employ constant illumination to suppress oxidation o . . . . .
oy bp all portions of the medium oscillate in phase. For this case the

the catalyst and set the uniform initial conditions. When the . S

actinic light is switched off, the system starts to oscillate. Fast coefficientg need not be very high in .o.r(.jer fcbrto. TeaCh'z

phase waves (PW) can be seen during the bulk oscillations. The(lmax’ O.f course, must e;iceeld). If the initial conditions are

velocity of the PW depends on the initial reagent concentrations. not unlfqrm,A[Ru(bpy)g Jav t.ends to. be small and d.epends

For cases-ac in Table 1 the velocity of PW is relatively slow. on the |n|t|gl pattern. TO obtain standlng cIustqsl in this CgsE,
must be higher than in the case of uniform initial conditions.

In these cases PW emerge approximately at the center of the_l_h_ q d initial diti leads t ist f
gel area and spread to its border. For cases e and fin Table 1,/ 'S dépendence on initial conaitions feads 1o coexistence o

the velocity of PW is quite high, and it is difficult to identify a  VaVe Patterns and clusters at the sagnee., bistability.
single site where PW emerge. Sometimes PW arise simulta- We present first a family of cluster patterns obtained at several
neously throughout the gel in the form of rapidly spreading and initial reagent concentrations within the oscillatory region of
merging spots. For cases h and j in Table 1, the velocity of PW the BZ reaction (see Table 1). These patterns are generated from
is also high, about 0-21 cm/s. The period of damped bulk spatially uniform initial conditions first by an instantaneous
oscillations in the gel is roughly equal to the period of increase in the feedback coefficiegtand then by varying
oscillations in a CSTR under the same conditions. After several after clusters have formed. For casesian Table 1 (parameters
tens of oscillations, trigger waves (TW) start at the boundary close to the Hopf bifurcation line that separates the oscillatory
of the gel. The TW and PW move in opposite directions, with and reduced steady state regions), we obtain standing clusters
the TW eventually annihilating the PW to leave spiral waves. (SC) and localized clusters (LC). The behavior of a SC during
Although the Ru(bpyjcatalyzed BZ reaction under constant ©n€ full perl.od is presented in Figure 2. .The br|ghtness of the
illumination has been previously studied both in a CS¥R? white domains increases graduqlly and is pr.oportlo.nal to [Ru-
and in spatially extended systeR8$8-41 we briefly present (bpy)33+]a\,. When the light |ntenS|ty.reaches its maximum, the
some results under the conditions which are important for Whlte domains start to fade, and flnally the gel returns to its
understanding how clusters emerge. There are two critical light Uniform black state. In the next half period, the formerly black
intensities,I; and |, in the oscillatory reactiondiffusion BZ regions of the gel become white. In SC, the peritgl of such
reaction. The firstly, is the level that suppresses bulk oscillation. global variables as the gel absorption, Abs-450 (Abs-#50
The value ofl; depends on the rate of decrease in bromide constant{Ru(bpyf‘]a), or the light intensityl (see bottom panel
concentration near [Bi., the critical concentration below which ~ in Figure 2) is half the period of the local concentration
autocatalysis can occur. The other critical intensigy,is the oscillations at each point.
minimum intensity of constant illumination sufficient to suppress A typical transition from SC to LC is presented in Figure
all waves in the gel. Whely < | < I,, wave patterns (e.g., 3a. Asg increases, the transition proceeds gradually, with the
spiral waves) exist in the gel. At> I, the system resides in  area of SC S shrinking and the nonoscillatory area (to be
the reduced steady state. The valué,afepends on the rate of more precise, the area with no visible patterns at the right of
autocatalysis and the diffusion coefficients of the activator the rightmost snapshots in Figure 3&,, spreading. This
(HBrO,) and the inhibitor (Br), as well as on the gel thickness process is analogous to a second-order phase transition. In Figure
h and the gel absorptiome[Ru(ll)]. The last two values 3b, we see that ag grows further, the nonoscillatory (dark)
determine the uniformity of [Br] along the optical axis and  region of LC (at the left of each snapshot) continues to expand.
the extent to which a two-dimensional approximation of the Finally LC give way to small amplitude bulk oscillations at still
real three-dimensional gel is appropriate. Typicdlys several higherg. We did not observe any situation in whi&.— 0.
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Figure 3. Snapshots of standing clusters (SC) and localized clusters
(LC) separated in time by one period of global oscillatiofis,(a) LC

are obtained from SC by increasiggrom 55 (left snapshots) to 136
mM~1 (right snapshots)lp = 36 s forg = 55 MMt andTo = 40.5 s

for g = 136 mM. (b) Shrinkage of LC with an increase gfrom

110 (left snapshots) to 163 mM (right snapshots). Initial reagent
concentrations for (a) and (b) correspond to cases a and d in Table 1,
respectively.

150

110 130

timels

Figure 2. One period of oscillation of a standing cluster. Uniform
initial conditions were obtained by illuminating gel area for 30 s with
constant light from 150 W arc lamp; then feedback (450 W arc lamp)
was switched on and simultaneously 150 W lamp was switched off.
Gray levels quantify [Ru(bpyj*], with white corresponding to
maximum and black to minimum. Numbers under frames show time
in s. Initial reagent concentrations correspond to case d in Talge 1,
= 16.2 mM% Squares on curve 1Y(— Urey) in V) indicate times
when snapshots were taken; curve 2 is light intensity in relative units.

global oscillations, are shown in Figure 5. In snapshots “999”
and “1001” we show the time evolution in more detail. The
domains in these patterns slowly shift and change form. First,
white domains emerge in the area formerly occupied by black
domains, as in the case of SC. Then, with a small delay (or
phase shift), new, gray domains appear in the area adjacent to
the existing white domains. The phase shift between the white
and gray domains is about 3 s, while the period of global
oscillations is about 20 s. Local oscillations in [Ru(lll)] at two
different points “1” and “2” (curves “1” and “2”, respectively)
Instead, there appears to be a finite minimuntSgf, Syin, at are shown in the lowest part of Figure 5. The small phase shift
which the transition from LC to bulk oscillations occurs. between the white and gray domains is seen in the time intervals
For cases e and f in Table 1 we obtained 4 types of clusters 830—850, 895-910, and 955970 s, when points “1” and “2”
(initial reagent concentrations lie far from the boundary of the belong to two adjacent white and gray domains. At moments
oscillatory region). They are SC, three-phase clusters (3pC),= 863 s andt = 882 s, one of the marked points belongs to
irregular clusters (IC), and localized irregular clusters (LIC) (see black domains, and one of the corresponding curves “1” or “2”
Figure 4). Three-phase clusters are characterized by threehas no maximum at these moments of time. The local amplitude
different spatial areas (black, gray, and white in Figure 4b) of oscillation in the gray domains is smaller than in the white
corresponding to three different phases of the oscillatory cycle. domains, because the gray domains start to arise when the light
The transitions from SC to 3pC and from 3pC to IC occur dis- is already turned on (light decreases the amplitude of oscilla-
continuously ag is increased, as in a first order phase transition. tions). Att = 921 s and = 982 s, both marked points lie in
The transition from IC to LIC is analogous to the transition black domains. All maxima of curves “1” and “2” coincide with
from SC to LC and proceeds gradually. LIC differ from IC by maxima of the global curve “3”.
the existence of a fixed area in which white spots never emerge These three-phase clusters (3pC) differ from the 3pC found
(the upper half of the frame in Figure 4d). In IC, every point of by Petrov et al?2 in which the phase shift between clusters is

the medium will eventually be covered by a white spot.
Three-phase clusters occur in a narrow rangg between
SC and IC. Snapshots taken at intervalsTgf the period of

27/3. Our 3pC resemble two-phase standing clusters in which
the white domains are split into white and gray subdomains.
This splitting leads to an instability of the 3pC, which can be



11570 J. Phys. Chem. A, Vol. 104, No. 49, 2000 Vanag et al.

> (b)

Figure 4. Snapshots of (a) standing clusters, (b) 3-phase clusters, (c)
irregular clusters, and (d) localized irregular clusters taken at consecutive
maxima (except case b) of global oscillatidh{ Urey). In (b), symbols
under frames show time in seconds,= 21 s. Feedback coefficiegt
(mM~1) equals (a) 136, (b) 144, (c) 150, (d) 272. Initial concentrations
correspond to case f in Table 1.

seen in the irregular local oscillations in curves “1” and “2” of - ——— — : ———

the bottom panel of Figure 5. 830 880 930 980 1030
IC and LIC are complex and interesting objects. On one hand, time, s

white domains appear and disappear periodically. The power

spectrum oft/Imax for an IC is presented in Figure 6a; a sharp oo "o o10bal oscillations of [Rullll} shown in curve 3 of bottom

peak 'S, clearly Seen,’ Correspondlng to the frequency of global panel. Numbers under snapshots are time in seconds. Local oscillations
oscillations, or of white domain appearance. On the other hand, (arbitrary units) at points “1” and “2” indicated in snapshot “841” are

where the white domains appear in space in previously dark shown in curves “1” and “2” in bottom panel. The same points are
areas is unpredictable. What is certain is that a white domain also indicated in snapshot “901”. Initial concentrations correspond to
will not arise in an area that was white during the previous casefin Table 1,g =144 mM™, To = 20.1 s.

period of global oscillation. Figure 6b presents two consecutive ) . . e
snapshots of an IC and the result of their summation. No white wheren is the number of globgl oscillations since some initial
domains overlap. Using image analysis techniques we verified Moment of timet,, corresponding to theith maximum off (or
that white domains of two consecutive periods of an IC never AbS-450);p(tm) andp(tm + nTo) are the fractions of the snapshot
overlap. This behavior is a consequence of the antiphaser€@ occupied by white domainstgandty + nTo, respectively;
oscillations of the clusters. If two snapshots are separated by@1dP(tm, tm + nTo) is the fraction of overlapping white area of
several periods of global oscillation, however, their white Shapshots taken &t andty + nTo. The symbolLksignifies an

domains may overlap, as in the lower right panel of Figure 6b. @verage ovetm. If the location of white domains in the next
To characterize the spatiotemporal behavior of IC, we Period of oscillation is random and has no correlation with the

Figure 5. Three-phase clusters. Snapshots are taken at successive

introduce the correlation functiofgor(n), previous white domains, thefior(n) = 0. The correlation
function for a typical SC is presented in Figure 6¢. Correlation
pt, t +nT) functions for IC and LIC are presented in Figure 6¢ and e. For
feorN) = mw D— (2) LIC, the fractionsp() are calculated based on the area of the

(tm) P(ty, + NTo) oscillatory region (region that can be occupied by white
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Figure 6. Characteristics of irregular clusters (IC). (a) Fourier spectrum
of oscillations of actinic light (inset) for IC shown in b. Parts c and e
show spatiotemporal correlation functiofas; (thick line in c) for IC

(b) and localized IC (d), respectively. Thin line in cfis, for standing
clusters shown in Figure 7d. Initial concentrations for IC and LIC
correspond to cases f and e in Table 1, respective(yjpM1) = (b)

150, (d) 136. Top right images in b and d are summation of consecutive
snapshots in left side of corresponding parts. Right bottom image in b
is summation of two snapshots separated in time by 8 periods of global
oscillation. Right bottom image in d is summation of 56 snapshots of
LIC, on the basis of which we calculatég,.

0
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bottom right panel in Figure 6d). The correlation functions for
IC and LIC indicate that any two consecutive snapshots have
zero overlapping white aredgor{1) = —1. The degree of
correlation decreases withand tends to 0 as — . Correla-

tion persists even fon >10. The correlation function for IC
shows a surprising maximum at = 4 that merits further
investigation.

Typical examples of SC obtained from nonuniform initial
conditions are presented in Figure 7. Snapshots a and d were
obtained by instantaneously switching on the feedback on after
(a) wave and (d) spiral patterns had developed in the gel without
illumination. Patterns b and e grew in a gel initially illuminated
through spot and stripe masks, respectively, with constant light
for 30 s. In case d, a large increasajileads to the deformation
of SC but cannot induce the transition from SC to LC or to IC
(see Figure 7f). The light intensityand (U — Uye) for b are
shown in the bottom panel of Figure 7. Itis clear that the period
of SC is Z'y. Successive peaks have unequal amplitudes, because
the areas occupied by white and black domains are different.
The SC for concentrations andj in Table 1 are extremely
stable. For example, after 100 or more periods of oscillation
we saw no significant changes in the shape of the SC presented
in Figure 7d. We did not observe similar stability for SC in
cases &d in Table 1.

At higher g, a new pattern is found in ca$e(Figure 7c).
This pattern has features of both SC and bulk oscillations.
Part of the gel area oscillates as a unit during each period,
while the remainder of the gel displays localized standing
clusters with nodal lines. The local oscillations in the left and
right parts of the gel area have different period$, for the
left side andTy, for the right side. Patterns of this type may be
dubbed localized oscillatory clusters (LOC). In “ordinary” LC,
a portion of the gel area does not oscillate (or oscillates with
very small amplitude) and shows fixed black domains at all
times. In LOC, the noncluster region oscillates with large
amplitude.

Ideal standing clusters are characterized by domains oscil-
lating in antiphase and separated by fixed nodal lines or narrow
zones. Under certain conditions, these nodal lines may evolve
in time. Figure 8 shows a striped SC with moving nodal lines.
The movement of the boundaries between black and white
domains in the direction from white to black is clearly seen in
the central panel of the figure. Wheld - Ugef) andl are small,
the velocity of boundary movement (trigger front) is high. At
this stage, white domains spread as phase waves. Whaohes
the critical valud,, the propagation of boundaries slows down
and finally stops, as the white domains start to disappear. The
two right images in Figure 8 reveal that white domains separated
in time by one period, do not overlap in snapshots taken before
(U — Ugef) reaches its maximum, but do overlap if snapshots
are taken after this time. The overlapping area oscillates at the
frequency of global oscillation, while the main area of antiphase
domains oscillates at half that frequency. These oscillations
resemble those in LOC, except that here the area oscillating
with double frequency is quite small. This example demonstrates
that the narrow zones that separate antiphase domains of clusters
differ from the fixed nodal lines of standing waves. In standing
waves, nodal lines are fixed and do not move at all. In the case
of clusters, narrow boundary zones between antiphase clusters
may oscillate with double frequency, belonging to one cluster
for the first half period and to the neighboring cluster in the
second half period.

domains) rather than on the total area of the frame. This areais Another aspect of nodal line motion involves the shape of
calculated from a summation of many snapshots of the LIC (seethe domains. Nodal lines with different curvatures move with
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Figure 7. Couples of antiphase shapshots for standing clusters (a, b, d, e), localized oscillatory clusters (c), and summations of two consecutive
snapshots of SC (f) separated by one period of global oscillatiog fer27 (top image) (corresponds to d) agd= 163 mM (bottom image).

Initial concentrations for ac and d-f correspond to cases h and j in Table 1, respectively. SC for cases b and e are obtained by using mask to
define spatial initial conditions. SC in cases a and d are obtained from wave patterns in the gel as initial conditions. LOCs in ¢ are obtained from
a by increasing feedback coefficiemfrom 19 to 55 mM™. g (mM~1) = (a) 19, (b, (d) 27, (c, ) 55. Bottom part shows € Urey) (bold line) and

| (thin line, relative units) for spotlike SC in b.

different speeds. We postulate that the eikonal eq 3 for the domains. In general, the average curvature of nodal lines in

velocity of traveling curved waves (trigger wav&sholds for clusters tends to decrease.
the movement of nodal lines: For casek in Table 1 (parameters close to the Hopf bifur-
cation line between the oscillatory and oxidized steady state
v =, — Dk 3) regions), we failed to find clusters. A typical example of the

patterns found in this case is presented in Figure 9. The white
wherey is the velocity of a planar fronk is the local curvature,  spots of this pacemaker pattern appear at the same location in
andD is the effective diffusion coefficient. The curvatukes each period of global oscillation. They grow, then they are
positive if an arc of a circle moves away from the center of the suppressed by light and disappear. Thus, not every point in the
circle. Equation 3 implies different velocities for curved nodal oscillatory region of the parameter space gives rise to clusters.
lines travelling in opposite directions. For example, the velocity This particular point is characterized by a relatively long period
of an expanding white spot is smaller than the velocity of a (T = 64 s), sinusoidal-like oscillations and a large fraction of
shrinking black spot. This difference in boundary velocity leads the cycle when the system is in the oxidized state. During this
to the disappearance of small spots and sharp angles as well ame [Br] rises to relatively high levels. Perhaps this concentra-
a smoothing of the boundaries between black and white tion of bromide ions is comparable to the level reached in the
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Figure 8. Moving boundaries between black and white domains of
SC. Central panel shows dependence of boundary position on time at
fixed x (horizontal)-coordinate of snapshots. Initial concentrations
correspond to cadein Table 1,g = 27 mM*. Frame size is 9& 70
mn? (different scales for width and height). Left two snapshots are
taken att = 10 s andt = 35 s. These moments of time correspond to
maxima of U — Ugey) oscillations (bottom panel, curve 1; curve 2 is
light intensity in arbitrary units). Right two images are summation of
snapshots taken &t= 8 s andt = 33 s (before maxima); and= 14

s andt = 39 s (after maxima). Overlapped black (white) domains give
black (white) color; overlapped black and white domains give gray
color.

t+ T,

Figure 9. Snapshots of pacemaker-type patterns separated in time by
one period of global oscillations. Initial concentrations correspond to
casek in Table 1. Patterns do not change by varygiyom 14 to 110
mM~1L.

t

case of constant illumination when the system “forgets” its state
in the previous period of oscillation and goes to a more or less
uniform reduced state.

Transitions between different types of clusters may be induced
not only by changing, but also by varyind. In another set
of experiments, we allowedJ( — Ugef) to become negative
subject the conditions that @) if — Ures < 0, laet= 0 and (b)
if Kc(U — Ugre) > /2, lact = Imax (S€€ eq 1). In this case we
obtained a square light intensity profile and were able to vary
the ratio between the light and dark periods of illumination,
nlty (see bottom panel in Figure 10). A decreasdJjg leads
to an increase in the duration of the light phase of illumination
and consequently to an increase in bromide ion concentration
in the gel. All types of clustercluster transitions may be caused
by varyingt or 7j/t4. It is not possible to change only one of
the parameters, e.gq, since the period of global oscillations,
To, (To = 7 + 14) increases nonlinearly with. Examples of
pattern transitions at constagare presented in Figures 10 and
11. The transition from SC to LC is shown in Figure 10a. In
this case,r; and t/ty are increased from 2.2 s and 0.32,
respectively, @ 3 s and 0.43. Larger increaseszinand 7)/tq

J. Phys. Chem. A, Vol. 104, No. 49, 20001573
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Figure 10. Snapshots of standing clusters (SC), localized clusters (LC),
and bulk oscillations taken at consecutive maximaJof- Uger. (),

LC (two right snapshots) obtained from SC (two left snapshots) by
decreasindJrer by 20 mV atg = 55 mM2. (b) Bulk oscillations (two
right snapshots) obtained from SC (two left snapshots) by decreasing
Ugrer by 90 mV atg = 27 mM~L. Moments of timety, tn, t, andt
correspond to maxima df — Uget. Initial concentrations for a and b
correspond to casesandd in Table 1, respectively. In bottom part,
curve 1 (bold) is y — Uge) in V, and curve 2 is light intensity in
relative units for case b. Left (right) graph corresponds to left (right)
parts in b.

20 40 60 450

430

(from 5 s and 0.4, respectively, to 13 s and 0.81) completely
suppress cluster formation and lead to the emergence of bulk
oscillation (Figure 10b). The transition from SC to IC at constant
g is shown in Figure 11. In this casg,andt /74 are increased
from 4.8 s and 0.33, respectively, to 12.2 s and 0.69.

IV. Simulations

Detailed simulations of the BZ reaction with global feedback
2343 revealed that a two-dimensional homogeneous system
exhibits the following scenario of pattern bifurcations with
increasing feedback coefficient: bulk oscillations-traveling
waves— standing clusters~ irregular clusters— localized
clusters— small-amplitude bulk oscillations. LC were found
only for initial reagent concentrations close to the Hopf line.
The description “bulk oscillations-traveling waves” means that
bulk oscillations are a stable solution of the homogeneous
reaction-diffusion model system without imperfections. Any
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Figure 11. Snapshots of (a) standing clusters and (b) irregular clusters
taken at two consecutive maxima df ¢ Uge) at constang = 136
mM~L. Snapshots (b) are obtained from (a) by decreaingby 100

mV. Initial concentrations correspond to cdsa Table 1. Curve 1 is

(U — Ugef) and curve 2 is light intensity in relative units. Left (right)
graph corresponds to left (right) parts.

small defect, however, leads to transition from bulk oscillations
to traveling waves, as occurs in experiment.

The goal of this section is to establish the bifurcation scenario
for simple systems consisting of several (2, 3, or 4) identical
oscillators globally coupled through negative feedback without
diffusion terms. In this model, SC correspond to modes in which
all units oscillate and at least one is out of phase with the rest.

Vanag et al.

the same as that in the case of the spatially extended BZ
system: 1-phase (bulk oscillations) 2-phase (SC)> 3-phase
(8pC)— chaos (IC)y— local (LC)— small-amplitude in-phase
oscillations. This is our most striking result. The bifurcation
scenario folN = 4 is very close to that oN = 3.

In Table 2 we summarize the results of our simulations for
N = 2—4. Wheng (s%) ranges between 0 and 0.0094, all
oscillators are in phase (1-phase).gf= 0.0095, a splitting$
— 1) occurs and period of oscillations is doubled. Fbr= 3,
three slightly shifted peaks with slightly different amplitudes
can be seen. FON = 4, the oscillators are grouped as two
couples with slightly shifted peaks; the oscillators in each couple
are in phase. A = 0.012-0.015, the system is in a two-phase
state for allN. For N = 2, the two oscillators are out of phase
with a symmetrical phase shiftr). This state does not change
up tog = 0.095. ForN = 3, two oscillators are in phase; fbr
= 4, three oscillators are in phase. The amplitude of the in-
phase oscillators is slightly smaller than that of the remaining
oscillator. The phase shift between peaks is not symmetrical
(for N = 3, approximately 0.8 and 1.2, for N = 4, 47/3, and
27/3). At g = 0.0155, the second splitting (S-2) occurs Ffor
= 3 andN = 4. In-phase oscillators are split, and their period
of oscillations is doubled again (see diagram in Figure 12). At
g = 0.018-0.074 both systemdN(= 3 andN = 4) are in a
three-phase regime. Fdf = 3, the phase shift between peaks
is symmetrical (2/3). For N = 4, two oscillators remain in
phase, and the phase shift between peaks is not symmetrical
(0.6, 0.57t, and 0.8%). ForN = 4 atg = 0.075-0.076, the
system exhibits a complex behavior we refer to as “beating”.
For many periods, the system oscillates approximately periodi-
cally with different amplitudes for each oscillator and with phase
shifts between oscillators. Then, the individual oscillator
amplitudes change, and after a short period of irregular
oscillations a new periodic regime is established. The chaotic
regime starts after the beating regime kb= 4 and after the

LC may be represented as three oscillators, two of them showingthree-phase regime fod = 3.

high-amplitude antiphase oscillations and the third oscillating
with small amplitude. This last oscillator corresponds to those
parts of the gel in which there are no visible patterns. IC are
similar to chaotic oscillations, which are easily obtained in a
system of three coupled oscillatdrs*®

As the simplest model of the BZ reaction we choose the
Oregonator modét for the individual oscillators. The negative
global feedback mimics that in the experiment, with the rate of
additional production of the inhibitor Y in each oscillator
proportional to the average @ Our model equations are

diXiJdt = Kk [A][Y ] — k[X][Y ] +
K[AIX ] — 2K, [X][X] (O1)

dlYJdt = =k [A][Y ] — k[XI[Y ] + ke[B][Zi] + 92,
(02)

dZ}/dt = 2Kj[A][X ] — ks[B][Z]] (03)

whereZy, = Y[ZJ/N, =05,k =02M1s k=2 x 1P

M1lslks=20M1lslk=2x18M1islk=1M"1

s71, [A] = 0.1 M, and [B]= 1 M. Initial conditions for all

oscillators are approximately the same, with a very small phase

shift between oscillators.

Bifurcation diagrams foN = 3 andN = 2 and examples of
the most common behaviors fbf= 3 are presented in Figure
12. Other types of system behavior fdr= 2—4 appear in the
Supporting Information. The bifurcation scenario foe= 3 is

The localized oscillations are characterized by two frequencies
for the two groups of oscillatord; = 2f,, and significantly
different amplitudes 4y < Ap). For N = 3, the peaks of the
small-amplitude, high-frequency oscillator coincide in time with
the peaks of the other two single oscillators, WithiA; = 2.4
(see Figure 12). FoN = 4, two oscillators oscillate in phase
with small amplitude, and their peaks occur between the peaks
of the other two oscillators, with,/A; = 7. Between the chaotic
and localized regimes there is a narrow rangg at which a
complex periodic state of the entire system exists. For example,
for N = 3 andg = 0.092, the period of each oscillator is equal
to 307 s (4 times longer than the period of an isolated oscillator).
ForN =4 atg = 0.09-0.0922, a very small change gyabout
0.0001, leads to either a 4-phase regime with peficd 386
s, in which each oscillator undergoes identical cycles of large
and small amplitude oscillation, or to localized oscillations
similar to those found fog = 0.0925-0.0945. Wherg exceeds
0.095, the system transforms to the small-amplitude in-phase
regime at allN. Since the minimum value of [Z] is greater than
zero, the feedback termZ,, brings the system to the steady
state atg > 0.1.

V. Discussion

We have studied the spatially extended oscillatory BZ reaction
with global negative feedback. This system may be viewed as
an ensemble of locally and globally coupled microoscillators.
There exist several theoretical studies of globally coupled
oscillators?’~4° globally coupled map%’ and globally coupled
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Figure 12. Bifurcation diagram showing dependence of period of oscillatibas the feedback coefficierg for N = 3 (thick line) andN = 2
(thin dotted line), and examples of primary behaviorfor= 3. In diagram, S-1 and S-2 are splitting-1 and splitting-2 regimes. Examples of system
behavior: 1-phasey(= 0.003 s?), S-1 @ = 0.011 s?), 2-phased = 0.0145 s?), S-2 (g= 0.0175 s?), three-phaseg(= 0.075 s?), chaos ¢ =
0.087 s1), local regime § = 0.093 s?), and small amplitude in-phase reginge=€ 0.096 s?).

complex Ginzburg-Landau equation®1448The general result  as the strength of global coupling increases: standing clusters
of these works is that three primary types of system behavior — three-phase clusters irregular clusters—localized irregular

can be achieved by varying the strength of global coupling: in- clusters— localized clusters— localized oscillatory clusters.
phase or uniform oscillations, clustering, and chaotic behavior The position of localized oscillatory clusters in this sequence
of averaged variablé% or wave-induced chaos (chemical is not yet precisely defined. Depending on the initial reagent
turbulence)*51 Our experimental result is similar to these concentrations (or on the position of the working point in the
theoretical predictions. By changimgor the target poinZ; we oscillatory parameter region), some elements of this bifurcation
have found three main types of behavior: waves, clusters, andcascade may be absent.

bulk oscillations. We have seen the following scenario for ~ We believe that this scenario is fundamental and may be
cluster-cluster bifurcations in the spatially extended BZ reaction found in other chemical and biological spatially extended
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TABLE 2: Bifurcation Sequence in Systems ofN Identical Oregonators with Global Negative Feedback

g, st N=2 N=3 N=4
0—-0.0094 1-phase 1-phase 1-phase
0.0095-0.011 splitting-1 splitting-1 splitting-1
0.0115-0.0145 two-phase two-phase two-phase
0.0155-0.0165 two-phase splitting-2 splitting-2
0.0170.0177 two-phase splitting-2 three-phase
0.018-0.074 two-phase three-phase three-phase
0.075-0.076 two-phase three-phase beating
0.078-0.086 two-phase three-phase chaos
0.0865-0.0895 two-phase chaos chaos
0.09-0.0915 two-phase chaos four-phase and local
0.0916-0.0922 two-phase complex periodic four-phase and local
0.0925-0.0945 two-phase local local
0.095-0.1 small-amplitudein-phase small-amplitudein-phase small-amplitude in-phase
0.101- steady state steady state steady state
systems. A similar scenario has been found in a ring array of Ru(lll) +BrMA — Ru(ll) + BrMA* + H"  (R1)

electrodes under potentiostatic conditions at various values of . B N
the applied potential: waves anti-phase oscillations- chaos 2BrMA*—Br +H" + CO, + (COOH),C=CBrCOOH

— coherent oscillation§This one-dimensional discrete system (R2)
with mixed local and global coupling is quite different from

our homogeneous reactiediffusion system with global cou- Ru(ll) + Br,MA + H,O— Ru(ll) + Br~ + products
pling, but the patterns obtained are analogous to ours: the R

antiphase oscillations and chaos correspond to standing cluster%Wing to fluctuations, [Br] varies at points within a single

and irregular clusters, respectively, in our exp.elrlmentg. . domain. Therefore, the autocatalysis starts at different points
We have demonstrated that the same transitions arise €ithefyt ihe domain with a small phase shift, leading to the appearance
from increasingg or from decreasing:. Both anincrease ig ¢ nyclei. Nuclei emerge in a formerly black domain randomly
and a decrease 7 lead to an increase in the light intensity 5,4 not quite simultaneously. The radius of these niRli
averaged over an oscillation period and, consequently, to angpqt D/a)Y2, where a. is determined from the exponential
increase in the production of bromide ions. We suggest that growth of [Ru(ll)] according toZ = Zee™. In Figure 4, the
the effective bifurcation parameter for this system is the [,4ius of the smallest white spots, about 0.02 cm, is 10 times
concentratiqn of bromide ions generated in.the gel vyhen larger than D/o)Y2,
autocatalysis starts. The same {Bmay be achieved at dif- The velocity of planar trigger fronts depends on the light
ferent values ofg (or Z,) for different catalyst, BrMA, and = jyiensity41 Hence, the growth rate of the nuclei also depends
BraMA concentrations, gel thickne$1may and even positions | | ight of high enough intensity can suppress this growth.
of the source of actiqic light (illumination qf the gel from the The light intensityl (andg) affects not only the growth rate of
side of the glass window or from the side of the feeding he nyclei but also the probability of appearance of new nuclei,
mixture). since the appearance of the first nucleus leads to increased
We also ask what are the roles of the local and global coupling jjjumination of the entire gel and thus to an increase in[Br
in determining the bifurcation scenario. We conclude from our \which suppresses the formation of nuclei everywhere in the gel.
simulations that the global coupling is responsible for the general ot small g, nuclei may grow and form large clusters, which
scenario of clustefcluster bifurcations. The local coupling gives  ¢onstitute the white domains of SC. At largethe growth and
rise to clustering of the uniform system and the grouping of merging of nuclei is suppressed, and we see the small white
points into spatial domains, if we do not use a mask for defining gomains characteristic of IC. The transition from the regime of
the spatial initial conditions. growth and merging to the regime of suppression of nuclei may
We consider in detail one of the most interesting cluster occur in a discontinuous mannsis4
cluster transitions, that between SC and IC (Figures 4 and 11), Fluctuations and inhomogeneities may play an additional role.
which helps to elucidate the role of local coupling and the part We may think of a system with SC as composed of two
played by fluctuations in clustercluster transitions. We suggest  antiphase oscillators. The transition from SC to 3pC, IC or LC
the following mechanism for the SA@C transition based on  involves a split into at least three different oscillators. This
the fact that IC are found only for cases e and f in Table 1, increase in the number of individual oscillators may depend
when phase waves appear in the gel as small circular spots olboth on the relation between positive local and negative global
nuclei. We denote [Bi] at points belonging to two anti-phase  coupling and on fluctuations. Simulation of the BZ reaction
domains of SC as [Bij; and [Br]z. Let [Br]y < [BrT]z att diffusion system with global coupling$“3revealed a wide range
= 0, when [HBrQJay (or [Ru(lll)]ay) is small (this situation is  of g at which SC (two-oscillators) and 3pC (three oscillator)
equivalent to the case when light is turned off in our experi- coexist. In our experiments, we did not find bistability between
ment). Both [Br]; and [Br]. decrease and approach the critical SC and 3pC or between SC and IC. If the basin of attraction
value [Br]c. When autocatalysis starts in the first domain for three-oscillator behavior (3pC, IC, and LC) is much smaller
([Br7]1 < [BrT]e), the feedback generates bromide ions in both than that for two-oscillator behavior (SC), or vice versa, at a
domains, resulting in a significant phase shift (or delay) in the particularg, then fluctuations may induce the transition to more
start of autocatalysis in the second domain. The increase instable system behavior.
[Br~]1is larger than the increase in [Bp because of additional
reactions of Ru(lll) with BrMA and BiMA acids (reactions Acknowledgment. This work was supported by the Chem-
R1 — R3).283452As a result, the ratio [Br4/[Br~], changes istry Division of the National Science Foundation and the W.
and soon exceeds unity. M. Keck Foundation.
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Supporting Information Available: Behavior ofN identical
Oregonators with global negative feedback. Figure 1-S: the
dependence dfnax0n g and examples of characteristic kinetic
curves forN = 3 andN = 2 at several values @. Figure 2-S:
the bifurcation diagram and characteristic kinetic curves\for
= 4. Figure 3-S: characteristic kinetic curves for different
regimes of four Oregonators. This material is available free of
charge via the Internet at http://pubs.acs.org.

Appendix 1

The photosensitivity of the Ru(bpy) -catalyzed BZ reaction
is determined by the rate of photoproduction of bromide fdns.

J. Phys. Chem. A, Vol. 104, No. 49, 20001577
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(20) Otterstedt, R. D.; Jaeger, N. |.; Plath, PPHys. Re. E 1998 58,
6810.
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Phys. Chem. BR00Q 104, 3155.

The dependence of the photoresponse of a spatially extended (22) Petrov, V.; Ouyang, Qi.; Swinney, H. Nature 1997, 388 655.

BZ system on the gel thicknessmay be estimated from the
following equation

d[Br)/dt = gl/h — k. [Br ] — (Dy/MA[Br] (Al-1)

where ¢l/h is the rate of bromide photo production in the
gel; | is measured in units of photons/(&s) or mol/(cn? s);

@ is the quantum vyield, i.e., the number of bromide ions
generated per photon of incident lighthemis an overall rate
constant for bromide consumptiddy is the molecular diffusion
coefficient of bromide ion in the silica gel; aridy/h? is the
rate constant for bromide escape from the gel to the CSTR.
The steady-state concentration of BfBr~]ss evaluated from
(A1-1) has a bell-shaped dependencehamith a maximum at
(Do/Kchem 2 =~ 0.3—-0.4 mm.

@l
h(kpem+ Do/?)

Experimentally we have determined that the system is not
photosensitive to light from the 150 W Xe Arc lamplat= 0.2
mm. At h > 0.5, the photosensitivity of the system decreases
significantly. These data are in good accord with our estimations
based on eq Al-2.

[Br—]ss: (A1-2)
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