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The interaction of an autocatalytic reaction with a fast In this work we combine the two aspects and construct a
precipitation reaction is shown to produce a permanent permanent spatial pattern, the symmetry of which emerges
precipitate pattern where the major driving force is dif- from the inherent instability of the homogeneous systeng Th

ferential diffusion. The final structure emerges from the  coupling of an autocatalytic front with active transpors ted
leading transient cellular front, the cusps of which evolve  to permanent structures in bacterium colonies as shown bv
into precipitate free zones. The experimental observation ~ Mimural®'”. Here we will demonstrate that the addition of
are reproduced by a simple model calculation based on the a fast precipitation reaction to a reaction front exhilgjtlat-
empirical rate-law of the reaction. eral instability is sufficient to fabricate permanent paise

We select the chlorite oxidation of tetrathionate for our
Chemical reactions far from the thermodynamical equilibti  model reaction, which is autocatalytic with respect to laydr
may give rise to various types of self-organized spatiotemgen ion!® Gelatine is added to the reactant mixture because /" ~
poral structures:? In distributed systems, the interaction be- carboxylate groups will reversibly bind the autocatalysi-p
tween nonlinear chemical kinetics with transport processeviding the sufficient decrease in the flux of the free autocata
may lead to the emergence of concentration and temperatufgst across the reaction front, a condition necessary terda
gradients®# One of the simplest forms of spatial patterns is ainstability.X° In the presence of barium ions, the sulfate ions
chemical front due to the coupling of an autocatalytic react produced in the autocatalytic reaction yield precipitaite a/
with diffusion.>® The front is defined as a thin interface that fast reaction. The chemistry of the entire system can be sum
spatially separates the reactants and the products of élee re marized as
tion. A planar front propagating towards the homogeneously
distributed reactants may become unstable if the flux of th& CIO, +25,05~ +6H,0 — 7CI” +8SO§‘ +12H"

reactant dominates over that of the autocatalyst, in whisle c M—-COO +Ht — M-COOH (1)
the inherent noise is amplified to yield a structure with tead BaZt _~_so§* — BaSQ|

ing curved segments that are joined through sharp trailing

cusps!~° This cellular pattern only exists temporarily as @ For small chlorite excess the empirical rate law
homogeneously distributed product solution will evolverev  for the autocatalysis has been formuld2# as
tually. Most emergent spatial patterns in homogeneousanediy — k[CIO{][S4O§*][H+]2, which ensures the existence
are bound to be transient unless the system is kept far frorgf a pushed-type reaction front as another condition necgss
equilibrium by some external inpdt, like Turing-patterns in  for |ateral instability!®
an open reactolrf . . Throughout the experiments reagent grade chemicals, wi.~

Self-assembling permanent spatial chemical structures rehe exception of the technical grade sodium chlorite, were
quire a different approach. Carefully selected initial andysed with deionized water. Gelatine was dissolved in hot wa-
boundary conditions have been successfully applied igdesi ter and—when it cooled to room temperature—reactants were
ing precipitate patterns in various systems run in hydmgel added to obtain solution with 5 mmol/LJ&,0;, 20 mmol/L
where the symmetry of the final structure is a transformatiorNaC|02 and B4NO,),, which, with 2.5-3.7 m/V% gelatine
of the original input:>** Arbitrarily shaped Liesegang struc- content, was then poured in a Hele-Shaw cell or a covereq
tures may be Qeyelppeg by controlling the coagulation thres petri dish to create a thin layer. After gelation a chemical
old of the precipitation’ front was initiated either by a short electrolysis at thiatpl

: _ _ inum wires stretched along the gel or by adding an acid drop

t Electronic Supplementary Information (ESI) available.  Se®I:D at a specified point on the surface of the gel. The entire setup
10.1039/b000000X/ S ' .
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® Department of Applied and Environmental Chemistry, Ursitgof Szeged,  obtained images were evaluated by in-house softwareseln th
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dicator (0.08 mmol/L) substituted barium nitrate. velocity of propagation with increasing gelatine contésted
Upon electrolysis, a reaction front is initiated at the a@od in Table 1 supports the notion of diffusion-driven fronttis

which then propagates at a constant velocity through thesent bility. With more gelatine in the system, larger fractiontoé

gel, while forming white barium sulfate precipitate behthd

front. With gelatine content up to 2.5 m/V %, the planar re- Table 1 Reaction front velocitiesgn/s)

action front is stable, the front therefore retains the getoyn

of the initiation (see Fig. 1(a,e)). At higher gelatine @ortt  T(°C) Gelatine content (m/V %)

planar fronts become unstable giving rise to cellular fieact 2.5 2.7 2.9 3.33

9.28t0.46  1.25-0.04 0.5830.003 0.17%0.003

(@) ] - e 17 15.7Gt0.70 2.0@:0.15 0.776:0.008 0.184-0.002
hydrogen ion is bound to the matrix, leading to the decraase i
the flux of the free autocatalyst across the front and evéintua

© ® to the greater loss of planar front symmetry.

Having seen that convection has no contribution to the pat-
tern formation, we can construct a reaction-diffusion niode
based on Egs. (1). The reactant chlorite ion can be elimi
nated by considering the mass balance of Egs. (1) and assur-
Fig. 1 White precipitate patterns with gelatine content 2.5 % (a,e) 1N the same diffusion coefficient for tetrathionate anauite
2.7 % (b,f) 2.9 % (c,g) 3.33 % (d,h). Fronts propagate from leftto  10Ns. The dimensionless governing equations (for dedwati
right. Image height 43 mm. Time 1 h (a), 7 h (b), 18 h (), 87 h (d), see ES) take the form of
40 min (e), 11 h (f), 24 h (g), 63 h (h) after initiation. Temperature

17°C (a-d) and £C (e-h) gj — D2q-— GBZ(K +70) )
T

fronts resembling patterd$24emerged in viscous fingering. 6[5 _ 9 9

The distribution of the precipitate behind the front—shown ar = OB+ 6ap(k+7a) ®)

in Fig. 1(b—d)—is not homogeneous: narrow precipitate free oy 2

gaps (1-3 mm depending on the extent of binding) are created at 4ap*(k +7a) )

at the cusps of the leading autocatalytic front. Once formed
the entire precipitate pattern remains stationary, boghiogh ~ wherea, B, andy are the relative concentration of,&Z~,
cation and the width of the precipitate free zones appear inH", and BaSQ precipitate with respect to [©&71,, while
dependent of time as the reaction front invades the medium = D+ /D andk = 2[CIO, ]0/[8406 J]o— 7. The temporal
containing the reactant. This scenario is significantlfedént  change in the total autocatalyst concentration in EQ. (8)=a
from that of the precipitate-free control experiments, whe given by introducings = 1+ (Kp)/(K + B)?, whereK is the
the produced autocatalyst finally takes on a homogeneous digimensionless dissociation constant of the fast protonati
tribution. Comparison of the systems also reveals that thé&q. (1) andu is the relative total concentration of carboxylate
alignment of precipitate free gaps represents the trdiibée  groups in the gel. The absence of the diffusion term in Eq
hind by the cusps of the autocatalytic reaction front. (4) corresponds to the formation of the immobile precigitat
Since gelatine is pH-sensitive, in experiments run at@7 Equations (2—4) are solved by an explicit Euler method on &
the pH decrease across the reaction is sufficiently large tequare grid with a spacing of 0.4 and a time step of*10
cause the collapse of the gel structure, yielding the prioduc Figure 2 summarizes the obtained precipitate patterns fc:
system effectively in a sol state. It is important to point ou various gelatine content and diffusion coefficient raticheT
that the gel structure is retained in the precipitate frggsga former is selected to match the experiments presented in Fig
The density of the solution varies with the change in compo-L above the onset of lateral instabilify£ 4.8 corresponds to
sition, which may lead to fluid motion even though the prod-2.7 % gelatine content), while the latter is used because th=
uct mixture is somewhat viscous and the thin medium is poexact diffusion coefficients of the species are unknownllin e
sitioned horizontally. We have therefore repeated the iixpe cases the propagating reaction front leaves behind théprec
ments at £C, at which temperature the gelatine remains in itstate pattern. While from the homogeneous distribution of+ea
gel form. As Fig. 1(e—h) shows, the same phenomenon can lants the reaction front builds up a homogeneous distdhuti
observed: the onset of instability remains unchanged, ebovof autocatalyst sufficiently far behind, the resultant jpitate
which the precipitate pattern with narrow precipitate fyeps  pattern remains structural. The precipitate lean narropsga
emanating from the cusps of the cellular reaction evolvéss T emanate from the cusps of the generating reaction front sim-
suggests that the underlying instability leading to theguat ilarly to those seen in the experiments. In the vicinity of th
formation has diffusive nature and the patterns only vigual cusps the flux of reactant is less than at the leading edge of
resemble to those of viscous fingering. The decrease in thihe front due to the curvature, hence less product is formed.
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ducing an immobile species can be used to generate a final
stable pattern from the transient spatial pattern of ancaitrto
alytic reaction front. Here a precipitate reaction is méli
but the experiments have revealed that the proper seleaftion
the polymer hydrogel can also be of use with a gel-sol transi-
tion initialized by the autocatalysis. The cusps generaXy
hibit transverse motion in the front therefore the preaigit
free gaps emanating from them result in intricate patteBys.
running the reaction in a confined space one may stabilize the
cusps in which case more symmetric final pattern can be man-
ufactured. This method may then represent a novel approach
in the synthesis of self-organized materials with spatiatig
ents.
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Fig. 2 Calculated precipitate patterns formed behind the reaction
front propagating from left to right witp 4.4 (a,e,i) 4.8 (b,f,j) 5.2
(c,9,k) 5.6 (d,h,l). Ratio of diffusion coefficient8)(0.5 (a-d) 1 (e-h)
2 (i-l) and image height 45 mm
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with 9 cm width (b)
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