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The interaction of an autocatalytic reaction with a fast
precipitation reaction is shown to produce a permanent
precipitate pattern where the major driving force is dif-
ferential diffusion. The final structure emerges from the
leading transient cellular front, the cusps of which evolve
into precipitate free zones. The experimental observations
are reproduced by a simple model calculation based on the
empirical rate-law of the reaction.

Chemical reactions far from the thermodynamical equilibrium
may give rise to various types of self-organized spatiotem-
poral structures.1,2 In distributed systems, the interaction be-
tween nonlinear chemical kinetics with transport processes
may lead to the emergence of concentration and temperature
gradients.3,4 One of the simplest forms of spatial patterns is a
chemical front due to the coupling of an autocatalytic reaction
with diffusion.5,6 The front is defined as a thin interface that
spatially separates the reactants and the products of the reac-
tion. A planar front propagating towards the homogeneously
distributed reactants may become unstable if the flux of the
reactant dominates over that of the autocatalyst, in which case
the inherent noise is amplified to yield a structure with lead-
ing curved segments that are joined through sharp trailing
cusps.7–10 This cellular pattern only exists temporarily as a
homogeneously distributed product solution will evolve even-
tually. Most emergent spatial patterns in homogeneous media
are bound to be transient unless the system is kept far from
equilibrium by some external input,11 like Turing-patterns in
an open reactor.12

Self-assembling permanent spatial chemical structures re-
quire a different approach. Carefully selected initial and
boundary conditions have been successfully applied in design-
ing precipitate patterns in various systems run in hydrogels
where the symmetry of the final structure is a transformation
of the original input.13,14 Arbitrarily shaped Liesegang struc-
tures may be developed by controlling the coagulation thresh-
old of the precipitation.15
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In this work we combine the two aspects and construct a
permanent spatial pattern, the symmetry of which emerges
from the inherent instability of the homogeneous system. The
coupling of an autocatalytic front with active transport has led
to permanent structures in bacterium colonies as shown by
Mimura16,17. Here we will demonstrate that the addition of
a fast precipitation reaction to a reaction front exhibiting lat-
eral instability is sufficient to fabricate permanent patterns.

We select the chlorite oxidation of tetrathionate for our
model reaction, which is autocatalytic with respect to hydro-
gen ion.18 Gelatine is added to the reactant mixture because its
carboxylate groups will reversibly bind the autocatalyst pro-
viding the sufficient decrease in the flux of the free autocata-
lyst across the reaction front, a condition necessary for lateral
instability.19 In the presence of barium ions, the sulfate ions
produced in the autocatalytic reaction yield precipitate via a
fast reaction. The chemistry of the entire system can be sum-
marized as

7ClO−
2 +2S4O2−

6 +6H2O −−→ 7Cl− +8SO2−
4 +12H+

M−COO− +H+ −−⇀↽−− M−COOH (1)

Ba2+ +SO2−
4 −−→ BaSO4↓

For small chlorite excess the empirical rate law
for the autocatalysis has been formulated20,21 as
r = k[ClO−

2 ][S4O2−
6 ][H+]2, which ensures the existence

of a pushed-type reaction front as another condition necessary
for lateral instability.19

Throughout the experiments reagent grade chemicals, with
the exception of the technical grade sodium chlorite, were
used with deionized water. Gelatine was dissolved in hot wa-
ter and—when it cooled to room temperature—reactants were
added to obtain solution with 5 mmol/L K2S4O6, 20 mmol/L
NaClO2 and Ba(NO3)2, which, with 2.5–3.7 m/V% gelatine
content, was then poured in a Hele-Shaw cell or a covered
Petri dish to create a thin layer. After gelation a chemical
front was initiated either by a short electrolysis at thin plat-
inum wires stretched along the gel or by adding an acid drop
at a specified point on the surface of the gel. The entire setup
was thermostated at 17 or 4◦C. The front propagation was
monitored by a CCD camera attached to a computer and the
obtained images were evaluated by in-house softwares. In the
precipitate-free control experiments bromophenol blue pHin-
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dicator (0.08 mmol/L) substituted barium nitrate.
Upon electrolysis, a reaction front is initiated at the anode,

which then propagates at a constant velocity through the entire
gel, while forming white barium sulfate precipitate behindthe
front. With gelatine content up to 2.5 m/V %, the planar re-
action front is stable, the front therefore retains the geometry
of the initiation (see Fig. 1(a,e)). At higher gelatine content,
planar fronts become unstable giving rise to cellular reaction

(a) (b) (c) (d)

(h)(g)(f)(e)

Fig. 1 White precipitate patterns with gelatine content 2.5 % (a,e)
2.7 % (b,f) 2.9 % (c,g) 3.33 % (d,h). Fronts propagate from left to
right. Image height 43 mm. Time 1 h (a), 7 h (b), 18 h (c), 87 h (d),
40 min (e), 11 h (f), 24 h (g), 63 h (h) after initiation. Temperature
17 ◦C (a-d) and 4◦C (e-h)

fronts resembling patterns22–24emerged in viscous fingering.
The distribution of the precipitate behind the front—shown
in Fig. 1(b–d)—is not homogeneous: narrow precipitate free
gaps (1–3 mm depending on the extent of binding) are created
at the cusps of the leading autocatalytic front. Once formed,
the entire precipitate pattern remains stationary, both the lo-
cation and the width of the precipitate free zones appear in-
dependent of time as the reaction front invades the medium
containing the reactant. This scenario is significantly different
from that of the precipitate-free control experiments, where
the produced autocatalyst finally takes on a homogeneous dis-
tribution. Comparison of the systems also reveals that the
alignment of precipitate free gaps represents the trails left be-
hind by the cusps of the autocatalytic reaction front.

Since gelatine is pH-sensitive, in experiments run at 17◦C,
the pH decrease across the reaction is sufficiently large to
cause the collapse of the gel structure, yielding the product
system effectively in a sol state. It is important to point out
that the gel structure is retained in the precipitate free gaps.
The density of the solution varies with the change in compo-
sition, which may lead to fluid motion even though the prod-
uct mixture is somewhat viscous and the thin medium is po-
sitioned horizontally. We have therefore repeated the experi-
ments at 4◦C, at which temperature the gelatine remains in its
gel form. As Fig. 1(e–h) shows, the same phenomenon can be
observed: the onset of instability remains unchanged, above
which the precipitate pattern with narrow precipitate freegaps
emanating from the cusps of the cellular reaction evolves. This
suggests that the underlying instability leading to the pattern
formation has diffusive nature and the patterns only visually
resemble to those of viscous fingering. The decrease in the

velocity of propagation with increasing gelatine content listed
in Table 1 supports the notion of diffusion-driven front insta-
bility. With more gelatine in the system, larger fraction ofthe

Table 1 Reaction front velocities (µm/s)

T(◦C) Gelatine content (m/V %)
2.5 2.7 2.9 3.33

4 9.28±0.46 1.25±0.04 0.583±0.003 0.171±0.003
17 15.70±0.70 2.00±0.15 0.770±0.008 0.184±0.002

hydrogen ion is bound to the matrix, leading to the decrease in
the flux of the free autocatalyst across the front and eventually
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 model
based on Eqs. (1). The reactant chlorite ion can be elimi-
nated by considering the mass balance of Eqs. (1) and assum-
ing the same diffusion coefficient for tetrathionate and chlorite
ions. The dimensionless governing equations (for derivation
see ESI†) take the form of

∂α
∂τ

= ∇2α−αβ2(κ+7α) (2)

σ
∂β
∂τ

= δ∇2β+6αβ2(κ+7α) (3)

∂γ
∂τ

= 4αβ2(κ+7α) (4)

whereα, β, and γ are the relative concentration of S4O2–
6 ,

H+, and BaSO4 precipitate with respect to [S4O2–
6 ]0, while

δ = DH+/D andκ = 2[ClO−
2 ]0/[S4O2−

6 ]0−7. The temporal
change in the total autocatalyst concentration in Eq. (3) can be
given by introducingσ = 1+(Kµ)/(K + β)2, whereK is the
dimensionless dissociation constant of the fast protonation in
Eq. (1) andµ is the relative total concentration of carboxylate
groups in the gel. The absence of the diffusion term in Eq.
(4) corresponds to the formation of the immobile precipitate.
Equations (2–4) are solved by an explicit Euler method on a
square grid with a spacing of 0.4 and a time step of 10−3.

Figure 2 summarizes the obtained precipitate patterns for
various gelatine content and diffusion coefficient ratio. The
former is selected to match the experiments presented in Fig.
1 above the onset of lateral instability (µ= 4.8 corresponds to
2.7 % gelatine content), while the latter is used because the
exact diffusion coefficients of the species are unknown. In all
cases the propagating reaction front leaves behind the precipi-
tate pattern. While from the homogeneous distribution of reac-
tants the reaction front builds up a homogeneous distribution
of autocatalyst sufficiently far behind, the resultant precipitate
pattern remains structural. The precipitate lean narrow gaps
emanate from the cusps of the generating reaction front sim-
ilarly to those seen in the experiments. In the vicinity of the
cusps the flux of reactant is less than at the leading edge of
the front due to the curvature, hence less product is formed.
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(b) (c) (d)(a)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 2 Calculated precipitate patterns formed behind the reaction
front propagating from left to right withµ 4.4 (a,e,i) 4.8 (b,f,j) 5.2
(c,g,k) 5.6 (d,h,l). Ratio of diffusion coefficients (δ) 0.5 (a-d) 1 (e-h)
2 (i-l) and image height 45 mm

This decrease in concentration is amplified by the presence of
a consecutive reaction producing an immobile species, barium
sulfate in this case. While the autocatalyst slowly fills up the
gaps by diffusion as the front propagates on, the amount of
precipitate remains very low in these narrow region marking
the location of the cusps.

The local depletion of the reactants leads to the formation
of precipitate lean narrow regions not only right behind the
cusps but also when reaction fronts annihilate upon collision
as shown in Fig. 3, where the final precipitate pattern is shown
after the reactant is completely consumed. The model calcula-

(b)(a)

Fig. 3 Precipitate pattern behind the annihilation of two reaction
front. Experimental image with 8 cm width (a), calculated pattern
with 9 cm width (b)

tion reproduces the experimental observation remarkable well:
in Fig. 3 the size of the calculation domain matches the physi-
cal size of the experimental image without fitting parameters,
at the same time there is quantitative agreement in the width
of the precipitate lean gaps (see ESI†).

In this work we have shown that a consecutive reaction pro-

ducing an immobile species can be used to generate a final
stable pattern from the transient spatial pattern of an autocat-
alytic reaction front. Here a precipitate reaction is utilized
but the experiments have revealed that the proper selectionof
the polymer hydrogel can also be of use with a gel-sol transi-
tion initialized by the autocatalysis. The cusps generallyex-
hibit transverse motion in the front therefore the precipitate
free gaps emanating from them result in intricate patterns.By
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 spatial gradi-
ents.

The work was supported by the Hungarian Research
Fund (OTKA K72365) and T́AMOP-4.2.2.A-11/1/KONV-
2012-0047.
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18 A. Tóth, I. Lagzi and D. Horv́ath,J. Phys. Chem., 1996,100, 14837.
19 D. Horv́ath and A. T́oth,J. Chem. Phys., 1998,108, 1447.
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23 T. Ǵerard and A. De Wit,Phys. Rev. E, 2009,79, 016308.
24 D. Bonn, H. Kellay, M. Br̈aunlich, M. Ben Amar and J. Meunier,Physica

A, 1995,220, 60.

1–3 | 3

Page 3 of 3 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


