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Bacteria and other unicellular organisms communicate by
exchange of chemical signaling species through the extracel-
lular solution. In a phenomenon known as quorum sensing,
synchronized activity is triggered when the population density
or group size reaches a threshold value.'! Many oscillatory
chemical processes in cells, for example, glycolysis, become
synchronized across a population by this type of coupling
mechanism.” The dynamical mechanism of quorum sensing
has been studied in biological and nonbiological systems,** in
which a sudden “switching” transition from one dynamical
state to another has been found; for example, individual yeast
cells switch from steady-state to oscillatory behavior on
reaching a threshold cell density. Another mechanism for
synchronizing dynamical systems is Kuramoto synchroniza-
tion, in which unsynchronized oscillators gradually become
synchronized at coupling strengths above a threshold value.
Many biological and nonbiological systems, from fireflies® to
electrochemical oscillators,” have been found to synchronize
by this mechanism. Recent studies have found both quorum
sensing and Kuramoto synchronization in the same system for
different regimes of coupling strength and number density,*!
and suggest that many types of systems, including coupled
unicellular organisms, may be capable of both types of
synchronization transitions.

The classical Kuramoto synchronization transition occurs
smoothly above the critical coupling strength, and the
frequency and phase of the oscillators become increasingly
aligned with increasing coupling strength.ll However, exper-
imental studies on electrochemical oscillators” ! and photo-
sensitive chemical oscillators!'!! have found more complex
oscillatory behavior in the transition. Rather than smoothly
synchronizing, clusters of oscillators form that are frequency-
and phase-synchronized but are out of phase with other
clusters of oscillators. These groups of synchronized oscilla-
tors are known as phase clusters.['?

Here we report on spontaneous formation of phase
clusters in large populations of chemical oscillators (ca. 10°
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catalytic particles) coupled by exchange of chemical inter-
mediates via the external solution. Each group has the same
frequency but shows a phase shift with respect to the other
groups, which gives rise to a global signal that is more complex
than that of the individual oscillators. We experimentally
examine the formation of clusters and their stability as a
function of the number density of the oscillators. The
behavior is compared with simulations based on a realistic
computational model.

We study catalytic microparticles immersed in catalyst-
free Belousov—Zhabotinsky (BZ) solutions™ (see Experi-
mental Section for details). The average concentration of
chemical species in the surrounding solution is monitored
electrochemically, and the oxidation state of the individual
particles is obtained from images of the particle suspension:
each particle changes color from orange to green and back
again as the catalyst is oxidized and reduced during the
oscillatory reaction cycle.'¥ The population is heterogeneous
with a distribution of oscillatory periods, as the period of a
particle depends on its size and catalyst loading.™!

Previously, we showed that the particles synchronize their
rhythms when a well-stirred suspension is above a critical
particle density.”! The catalytic particles provide two critical
species to the surrounding solution, the inhibitor Br~ and the
activator (or autocatalyst) HBrO,, which act as synchronizing
species. The particle density (defined as mass of particles per
milliliter of catalyst-free solution) must be above a threshold
for synchronization to occur. The catalyst used in the current
study is [Ru(bpy);]*" (bpy =2,2-bipyridine) rather than the
ferroin catalyst used previously,®! for which a smooth
Kuramoto synchronization transition was observed.

The global signal for the surrounding solution is more
complex for some conditions in the system containing catalyst
particles loaded with [Ru(bpy);]*". For low particle densities,
a period-2 signal (two oscillations per period) is observed in
the electrode potential (Figure 1al). At higher particle
densities, the signal is initially period-1 but then splits after
several oscillations into two components of different ampli-
tude (Figure 1all), with global signal frequency doubling.
With a further increase in number density, more period-1
oscillations occur before the signal splits into two components
(Figure 1aIll). Eventually, for sufficiently high particle
density, only the period-1 signal is observed.

There are two possible interpretations of the electro-
chemical signal. One is that each of the individual oscillators
develops the complex waveform, and the population oscil-
lates in synchrony. The other is that the oscillators maintain
their original waveform, and the global signal corresponds to
the spontaneous formation of two groups of synchronized
oscillators, separated by a constant phase difference. An
analysis of the images accompanying the transition provides
strong evidence for the latter.
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Figure 1. Formation of phase clusters in populations of catalytic micro-
particles suspended in well-stirred, catalyst-free solutions with
[CH,(COOH),|=0.13 M, [Br ]=0.07 M, [BrO; ] =0.45 m,

[H,SO,] =0.67 M. a) Signal of Pt electrode showing complex behavior
for increasing particle densities: 1) 0.03 gmL™", 11) 0.032 gmL™",

I11) 0.04 gmL™". b) Experiment with density of 0.026 gmL™". 1) and

I1) Pt electrode trace, I11) scaled intensity obtained from images of the
particles, shown to the right (field of view ca. 2x2 mm), where an
intensity of unity corresponds to all oxidized (green) particles.

Figure 1b1 shows an electrochemical time series of an
experiment in which the frequency of the global signal for the
first 10 min is twice the frequency in the next 10 min. Two
oscillations in each case are shown in Figure 1bll, and
Figure 1b1II shows these oscillations reconstructed from an
analysis of simultaneously captured images. Each image was
analyzed to determine the fraction of oscillators in the
oxidized state, with a scaled intensity of unity corresponding
to all oxidized particles. The oscillation maximum in the first
case corresponds to approximately half of the oscillators
being in the oxidized state, while in the second case the
oscillation maximum corresponds to almost all of the
oscillators being in the oxidized state. A sampling of the
images used to reconstruct the oscillations in Figure 1bIII is
shown to the right, where the time at which each image was
captured is shown in the time series.

Simulations of the catalyst—particle system provide
insights into the formation of phase clusters. The model (see
Supporting Information for details) consists of rate equations
for each particle of the form [Eq. (1)]

ddxtli =f(X., Y, Z) — k(X — X)) v

where X =HBrO,, Y=Br, and Z=Ru", f(X,,Y,,Z) repre-
sents the reaction terms, and k., (X;,—X,) the exchange of X or
Y between the particle and the surrounding solution with rate
constant k... We assume species are homogeneously distrib-
uted in the surrounding solution with rate equations of the
form [Eq. (2)]

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dx, V&
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where g(X,,Y,) represents reaction terms for the surrounding
solution and V/V, is the dilution factor (ratio of particle
reaction volume to total volume of solution). For no exchange
(ks =0), there is a distribution of periods of the chemical
oscillators, which is determined by the catalyst concentration
C on each particle. The BZ reaction exhibits relaxation
oscillations and is unresponsive to perturbations immediately
following the maximum amplitude. The system becomes
responsive later in the cycle, however, with pulses of Br~
inducing phase delays and pulses of HBrO, inducing (pri-
marily) phase advances of the next oscillation.

As shown in Figure 2a, the model qualitatively reprodu-
ces the experimental behavior shown in Figure 1a, with the
initial single peaks splitting to form smaller peaks every other
oscillation. With increasing number density, the amplitude of
bromide in the surrounding solution increases, and it takes
longer for the peaks to split.
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Figure 2. Formation of clusters in simulations with reaction on par-
ticles (Cetayse=3.3% 1072 M) and transfer of species to the surrounding
solution. a) Bromide concentration in the surrounding solution with
increasing number density n=N/V, where N is the total number of
oscillators (N=1000) and V, the volume of the surrounding solution
(variable) to give 1) n=9.5x10° cm~; 1) n=1.9x10* cm~*; and

1) n=2.4x 10" cm™. b) Bromide concentration on four |nd|V|dua|
oscillators for trace shown in all); their phase representation (cos6 vs.
sinB); the natural periods of the four oscillators (no transfer); and
histogram of the periods of the whole population in the time interval
90-150's.

[Br‘]‘/ mm

In Figure 2b, cluster formation is analyzed by examining
four of the individual oscillators in Figure 2all. The concen-
tration of bromide for each oscillator is plotted as a function
of time and the corresponding phase plots are constructed:
oscillators move clockwise around the cycle with constant
velocity. The oscillators are initially in phase at t=98 s. Those
oscillators with a shorter natural period are at the front of the
group and “fire” first (the blue traces at =135 s). This results
in an increase of bromide concentration in the surrounding
solution, which gives rise to an increase in bromide concen-
tration on the other oscillators. This pulse in bromide causes a
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phase delay of the remaining oscillators, which fire later and
form a second group. The distribution of periods during this
initial split is shown in the histogram to the right, with a small
group having periods around 40 s and the rest phase-delayed
with a period of 50 s. The light blue oscillator falls back to join
the second group by the next cycle, and the system of 1000
oscillators eventually relaxes to form two stable groups,
whereby the ratio of occupation of the smaller group to the
larger group is 35:65.

The particular phase cluster state exhibited does not
depend on the initial conditions (i.e., the initial phase
distribution), in contrast to numerical studies on phase
oscillators"® and experiments with locally coupled BZ
oscillators.!'”! Thus, for a particular set of parameters, either
a stable group configuration is observed (no multistability), or
the groups are unstable, containing a fraction of “switchers”,
that is, oscillators that do not settle in a particular group, but
jump between groups. In experiments, the amplitude of the
electrochemical signal either is stable in time (Figure 3al) or
changes with time (Figure 3alI). The latter can be attributed
to the appearance of switchers. Figure 3b shows two sets of
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Figure 3. Switching oscillators. a) Electrode potential versus time
traces (n=0.02 gmL™") of two phase clusters showing |) stable signal
amplitude in time and Il) changing signal amplitude in time. b) Simu-
lated results (N=1000) showing I) stable [Br7], amplitude in time and
I1) changing [Br7], amplitude in time. Lower plots show the bromide
concentration in a sample of 100 individual oscillators and their phase
representation. In 1l), the changing amplitude corresponds to the
presence of switching oscillators: the blue oscillator at the front of the
group jumps to join the group ahead.

simulations with the same parameters except for a slightly
different set of natural frequencies. In Figure 3b1, the signal is
stable in time and there is a stable configuration of oscillators
in two groups. In Figure 3bll, the amplitude of the signal
varies with time, the configuration of oscillators in the two
groups is unstable, and oscillators jump between groups.
Jumps arise either through the phase-delay effect from a pulse
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in Br™, as described in Figure 2b, or through a phase advance
due to a pulse in HBrO.,.

Modeling simulations offer insights into the roles played
by Br~ and HBrO, in cluster formation. Figure 4a shows the
number of clusters as a function of the number density,
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Figure 4. Behavior as a function of number density. Simulated results
showing number of clusters and the maximum concentration of Br~ or
HBrO, in the surrounding solution as a function of number density
with a) exchange of both HBrO, and Br~ with the surrounding
solution, b) exchange of Br~ only, c) exchange of HBrO, only, and

d) no reaction in the surrounding solution. Note that the maximum
concentration depends on the relative oscillator populations of the
clusters and therefore does not increase smoothly with n when clusters
form.

whereby the number of clusters decreases with increasing
number density and only one group with simple oscillations is
observed for high number density. Up to four clusters are
observed in simulations; however, one and two clusters are
observed over a wide range of number densities, and it is
therefore not surprising that these are mainly observed in the
experiments. With exchange of only Br~ (k=0 for HBrO,),
the number of clusters decreases more gradually with
increasing number density (Figure 4b), and two clusters
continue to be observed even for very high n. Figure 4c
shows the behavior with exchange of only HBrO, (k., =0 for
Br™), and only one cluster is observed for all values of n. Only
one cluster is also observed when no reaction occurs between
HBrO, and Br™ in the surrounding solution, as shown in
Figure 4d. We conclude that formation of the simple one-
group state can be attributed to the synchronizing effect of
HBrO,, the amplitude of which increases in the surrounding
solution with increasing number density. The appearance of
cluster sates, as shown in Figure 4 a, arises from the weaker
coupling resulting from Br~ in the surrounding solution.
When only HBrO, is exchanged between the surrounding
solution and the catalytic particles (Figure 4c) or no con-
sumption of HBrO, occurs (Figure 4d), no cluster formation
is observed. We note that while both HBrO, and Br™ act as
synchronizing species, a perturbation in HBrO, results in a
phase advance, and a perturbation in Br~ in a phase delay (see
Supporting Information).
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Formation of clusters in globally coupled oscillators has
been experimentally observed in electrochemical oscilla-
tors"% and light-sensitive BZ particles."!! Here we have
demonstrated how a large population of chemical oscillators,
coupled by the exchange of chemical intermediates via the
external solution, can form groups of synchronized oscillators
separated by a phase difference. This form of chemical
communication is widespread in nature, for example, inter-
cellular signaling in cell suspensions via the extracellular
solution. The ability of chemical oscillators to construct
complex global signals from simple periodic oscillations may
play a role in the functioning of natural systems, for example,
in cellular differentiation.'! Hence, the same global signal
that connects and synchronizes a heterogeneous population
of oscillators can nevertheless provide different chemical
environments for individual groups within the population.

Experimental Section

Experiments were carried out with cation-exchange particles (Dowex
50W) of diameter 100-200 um that were loaded with the BZ catalyst
[Ru(bpy)s]*". A known mass of particles was added to a volume of
catalyst-free BZ solution consisting of malonic acid, NaBrO;, NaBr,
and H,SO,. In the absence of stirring, particles display a range of
frequencies, which can be measured from the change in particle
intensity with time (Figure 5a). Particles are stirred with a magnetic
or overhead stirrer, and images obtained by using a CCD camera

a) 200 um  b)

i
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Figure 5. a) Experimental image of catalytic microparticles in catalyst
free solution with periodic change in particle intensity with time
(superimposed). b) Sketch of setup for stirred experiments, illustrating
the transition from a distribution of particle frequencies to synchron-
ized oscillations.

(Figure 5b). The concentration of bromine-containing species in the
surrounding solution was followed by using a combination electrode.
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