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Sustained spatiotemporal pH and calcium patterns
are produced in a non-equilibrium inorganic reaction-
diffusion system by coupling two modules, the bromate-
sulfite-ferrocyanide pH-oscillator and the pH-sensitive
complexation of Ca’* by ethylenediaminetetraacetate.
The development of chemical waves is mainly determined
by the oscillatory module, however the formation of the
localised stationary like patterns results in the synergisc
interaction between the modules.

Traditionally, chemistry deals with the description of ona-

Here, we present a dynamical system operated by an os-
cillatory reaction that is linked to a complexation equilitm
and produces spatiotemporal patterns of a target specieb wh
is notincluded in the core oscillatory process. In this agex
ment the complexation equilibrium follows the constraifit o
the oscillatory reaction, but it also provides a feedback on
its operation (Fig. 1a). pH-oscillatofsire preferably used to
develop such type of coupled systems, where a pH-sensitiv2
equilibrium follows the periodic changes in the hydrogem io
concentration but usually the feedback of the linked equi-
librium is neglected®* The skeleton mechanism of a two-

terial word by means of analytical or physico-chemical meth substrate pH-oscillators consists of the following thieps?®

ods and with the synthesis of new compounds. However,

chemistry is capable of building functioning systems, \khic A" +H" =HA (R1)
are set in action by sustained reaction networks, and show HE o

complexity and emergent phenomena. Systems cherhistry B+HA—H"+P (R2)
covers the different approaches, which have developed for C+Ht" —Q (R3)

studying such chemical complexity.
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Fig. 1 Design scheme of the coupled oscillatory system (a), and
simulated concentratiovs. time curves of the autocatalytic {i

and the target species {}in an OSFR (b). Here(L) is the
concentration at the furthermost point from the feedindese. For
the details of the reactor configuration and the simulatsmesESHt
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Here B stands for the oxidant,”2and C, denote the two sub-
strates, P and Q are the products. This is an activatoritohib
type system, where (R1)-(R2) represents thgféedback,
while (R3) provides the-{)feedback. In the experiments sul-
fite ions are most often used as component &e typical
oxidant is iodate, bromate or hydrogen peroxide, and C can
be ferrocyanide, thiourea, carbonate ions etc. Besides ten.
poral oscillations, formation of pH waves and stationartt pa
terns have also been observed in some of these reaéifons.
Following the idea of Orban and coworketsye linked a pH
sensitive complexation equilibrium (R4)-(R5) to the dseil
tory module (R1)-(R3) to produce spatiotemporal pattenns i
M.

S +MT=MS
S +H" =HS

(R4)
(RS)

In the experiments ethylenediaminetetraacetate (EDTA wa
used to bind C&" as the target species. Numerical simulations
using equations (R1)-(R5) demonstrate, that under appropr
ate conditions the spatiotemporal oscillationgtdf] are fol-
lowed by the periodic changes @¥ ] (Fig. 1b) in an open
one side fed reactor (OSFR). The key step of the experimental
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realization of this type of coupled system is the selectibn otent of reaction is low within the gel, thus the pH is high. How
the proper oscillator, that is capable of producing robuistd ever, at theM-state, in the depth of the gel, the extent of the
ing force, namely large enough amplitude pH-oscillatiams t reaction turns high and correlatively the pH is low. The exis
induce significant back and forth shifts in reactions (RR%Y.  tence of spatial bistability in the BS reaction has alreaglyrb
From stoichiometric point of view the use of high concentra-reported. Due to the kinetic complexity of the BS reaction at
tion of A~ is preferred, since the magnitude of the pH dropthe ratios of[BrO; Jo/[SO3 Jo > 2, a narrow domain of spa-
(ApH) during the autocatalytic process (R1)-(R2) increasesiotemporal oscillations was also obsernddowever, in our
with the initial concentration of A and independent form experiments this ratio is below one, therefore thgfeedback
the nature of the oxidant, according to the equation deriveghrovided by reaction (R3) is necessary for the development
previously:ApH = —(pKa + log[A~]o).* 8 However, the de-  of spatiotemporal patterns. As the influence of reactior) (R3
velopment of oscillations requires a suitable balance betw reaches a critical level, e.g[K,F&CN)glo > 10 mM, spa-
the rate of thg+) and the(—)feedbacks, and the increase of tiotemporal pH-oscillations form spontaneously (Fig.Zhe
[A~]o might improperly speed up the autocatalytic process.
Accordingly, robust large amplitude pH-oscillations are e
pected by using a sluggish oxidant and relatively high amhoun
of A~. The oscillators based on the bromate-sulfite (BS) au:
tocatalytic reaction provide the best fit for the above resui
ments, e.g by adding ferrocyanide as a second substrate (B¢
reaction). Concerning the complexation module,rBust be
protonated at the low pH phase of the oscillations and biad th
target species at the high pH phase. The presence gh@s
rise to substantial feedback on the dynamics of the osmillat
due to its buffering effect and the slowing down in the over-
all rate of the(+)feedback process. Additionally, in spatially
distributed systems, if the mobility of'Sis low compared to i
the other species, the decrease in the effective diffudietio 20 min
comes also into play. It is recommended to apply[@n|o
IQ\?;ISS lower tharjH*]o to keep the feedback on an acceptableSnapshots and the corresponding time-spc_';lce pIots_ of _Epﬂrioral
- . . waves afH,S0O,]o = 7.4 mM (a,b) and localised oscillations at

Spatiotemporal pgtterns in the BSI_: pH-oscHIator_ have nOfHZSOAo =7.5mM (c,d) and afH,SO,Jo = 7.6 mM (e.f). To
been reported previously. In a continuous flow stirred tankisyalise the patterns bromocresol green indicator was. @ the
reactor (CSTR) the BSF reaction shows bistability and ospictures dark and light colours correspond to the F- andvtrstates,
cillations between pH- 3 and~ 6.5.° To generate pH pat- respectively. The experimental conditionsaBrQ;]o = 65 mM,
terns we used the design method, which has been succegda,SO;Jo = 80 mM, [K,F&CN)g]o =30mM, T =30°C and
fully applied in analogous systenfsThis method starts with 1 =500s. For the experimental details and movies see'ESI.
finding spatial bistability. The experiments were perfodme
in an OSFR, which consists of a thin disc-shaped piece otate of the system and the appearance of the wave phenomena
agarose gel, in contact with the contents of a CSTR througldepend on thiH,SO,Jo. Only the homogeneosstate is ob-
one face (Fig.S1, E$). The gel quenches any convective served ifH,SO,o < 7.3 mM. At [H,SO,]o = 7.4 mM the os-
fluid motion and allows an undisturbed development of thecillation begins with the spontaneous growth of\sstate do-
reaction-diffusion patterns in its core. The reagents aod main at the center of the reactor. Tiestate domain expands
ucts are diffusively exchanged at the contact surface wigh t in all directions, but the motion of thié+)front (transition
CSTR. The spatial structure developed when the CSTR corfrom F- to M-state) slows down and stops at a finite distance
tent was in the low extent of reaction steady state to insur¢rom the rim of the disc. In the meanwhile, inside tfestate
far-from-equilibrium conditions at the feed boundary oéth domain theF-state reappears and a shéarpfront (transition
OSFR. In the absence of ferrocyanide formation of propagatfrom M- to F-state) starts to follow thé+)front (Fig. 2a and
ing pH fronts was observed (Fig. S2, BSla phenomenon b). The two fronts annihilate each other when they collide.
that typically develops in bistable reaction-diffusios®ms. At higher [H,SO,o the center part of the disc settles in the
The front connects two stationary state domains, denotéd as M-state, while oscillations develop around the statiordry
(flow)- andM (mixed)-states of the gel. At tHe-state the ex-  state domain (Fig. 2c,d,e and f). In all cases the dynamics is
governed by the motion of the+) and (—)fronts (Fig. S3,
1 Here,[X]o denotes the input feed concentration of species X. ESIT). When [H2504]0 > 7.7mM, the gel content settles in
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Fig. 2 pH patterns of the BSF reaction observed in an OSFR.
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theM-state. According to the work of Orban and coworkérs, increase ifH,S0O,Jo leads to the formation of a lardé-state
temporal oscillations in thiCa®*] can be induced by adding domain, thatis unstable and inside it a row of low fCspots
CaEDTA to the BSF reaction in a CSTR. To visualise the vari-appear around its rim (Fig. 3e), that appear as light gray hor
ation in the [C&"] arseneazo Ill indicator was used. The®Ca izontal lines in Fig. 3f. The arrangement of the spots bears
complex of arseneazo Il has a characteristic absorbange maresemblance to the Turing patterhs.

imum at\A = 650nm (Fig. S3, ES). Although, the indica- In conclusion, sustained spatiotemporal patterns have bee
tor is pH sensitive, at this wavelength the effect of pH on theobserved in the BSF reaction, especially in form of localise
absorbance is negligible. The presence of CaEDTA causes\aves under the conditions we have explored. Localised pat-
shift in the pH of the input flow, thus spatiotemporal patgern terns represent isolated structures of one state embedded i
form at lower[H,SO,Jo, than in its absence. In the coupled @ domain of another state and usually appear in bistable sys-
system theF-state of the gel is characterised by low fh tems}? but they can also be originated in the sensitivity of the
since C&* is bound to EDTA, but at th#-state in depth of system to gradients of parameters, e.g. to a small ramp in the
the gel the [C4"] is relatively high. At[H,S0,]o = 6.8 MM thickness of the gel. The formation of stationary pattesrexk
spatiotemporal oscillations develop (Fig. 3a and b), sinti pected when the diffusion coefficient of the inhibitor extee

the ones shown in Fig.2a and b. The difference is, that thdhat of the activator. In the coupled BSF-CaEDTA system the
stabilization of localised spots indicates that the fee#tt

the CaEDTA equilibrium slows down the effective diffusiv-
ity of hydrogen ions, most likely due to a possible interaicti
of CaEDTA with the agarose matrix. Our results show the
importance of interaction between the driving and the drive
modules in this type of coupled systems, which might be alsc
relevant in biology, where oscillatory process, e.¢¢Cascil-
lations 2 are naturally linked to complexation equilibria.

We thank the support of the Hungarian Scientific Researci
Fund (OTKA 100891).
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