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In 1952, Alan Turing accomplished a pioneering theoretical study to show that the
coupling of nonlinear chemical reactions and diffusion leads to the instability of
spatially homogeneous states. The activator and inhibitor are synthesized as
intermediates of the reaction system in the Turing model. Turing found that
spatially periodic stationary concentration patterns are spontaneously generated
when the diffusion coefficient of the activator is lower than that of the inhibitor.
The first experimental realization of the Turing pattern was achieved in 1990 in a
chlorite–iodide–malonic acid (CIMA) reaction system. Iodide and chlorite anions
act as the activator and inhibitor of this reaction system, respectively. Although
there is no significant difference in the diffusion coefficient of iodide and chlorite
anions, the Turing pattern was generated because starch was added to the gel
reactor to enhance the color tone. This formed a complexwith iodide to inhibit its
diffusion to satisfy the condition for the Turing instability. Several examples were
found after this finding. We focused on the high affinity of quaternary alkyl
ammonium cations to iodide. The CIMA reaction was performed in an open
gel reactor by adding a quaternary alkyl ammonium cationic surfactant. In
addition, the polymer gel consists of the quaternary alkyl ammonium group as
the side chainwas utilized for the open gel reactor. Themicelles of the surfactants
and the polymer gels trapped iodide in their vicinity as a counter anion to lower
the effective diffusivity to satisfy the condition for the Turing instability.
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1 Introduction

Spatially periodic stationary patterns are ubiquitous in nature, and their representative
examples include the body surfaces of animals such as the angelfish, zebra, and tiger.
Pigments form spatially periodic concentration patterns spontaneously on the body surface
of those animals. Alan Turing developed a theoretical model to explain that even artificial
chemical systems can generate spatially periodic stationary concentration patterns by the
coupling of nonlinear chemical reactions and diffusion [1].
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However, the real chemical reaction system generating spatially
periodic stationary concentration patterns had not been found for
nearly four decades. The first experimental realization of the Turing
pattern was achieved in 1990 in a chlorite–iodide–malonic acid
(CIMA) reaction system by the Bordeaux’s group [2]. After this
finding, several examples of Turing patterns were observed in CIMA
reaction systems.

In this mini-review, the fundamental concept of the Turing
pattern formation is explained, and its relevance to the concept of
the dissipative structure, i.e., self-organization in far-from-
equilibrium systems [3–7], is discussed. In addition, the
Turing pattern formation in the CIMA reaction system in the
presence of quaternary alkyl ammonium cations [8] is precisely
introduced.

2 Concept of Turing pattern formation

The concept of dissipative structures, i.e., self-organization in
far-from-equilibrium systems, proposed by Ilya Prigogine in
1955 explains how chemical systems have become unstable to
fluctuations to let them grow by irreversible entropy-producing
dissipative processes, such as heat conduction, diffusion, and
reaction, to spontaneously generate temporal, spatial, and
spatiotemporal patterns [3–7]. However, in 1952, 3 years before
the proposition of the concept of dissipative structures, Alan Turing
developed a theoretical model to show that the coupling of nonlinear
chemical reactions and diffusion makes the spatial homogeneity of
the chemical system unstable to generate spatially periodic
stationary concentration patterns [1].

Turing reported the reaction–diffusion systems consist of
chemical substances that are regarded as morphogens, i.e., the
substance accounting for the main phenomenon of
morphogenesis. The theoretical model was the coupling of
ordinary chemical reactions and ordinary diffusion. However,
chemical reactions are not simple but form a complex chemical
reaction network (Figure 1) similar to the metabolic pathway. In this
system, chemical substances X and Y were regarded as morphogens,

and A and B were regarded as fresh reactants taken from outside the
chemical system and a waste product discarded to the outer
environment of the chemical system, respectively. Turing
determined that instability to the spatially inhomogeneous
fluctuation arises when the intermediate chemical species X and
Y act as the activator and inhibitor, respectively, and the diffusion
coefficient of the inhibitor is larger than that of the activator. The
time evolution of the concentration of X and Y is presented
as follows:

dX

dt
� r1 − r2 − r3 + r5 � 1

64
4 − 100XY − 14X2 + 110( ) � f X,Y( )

(1),
dY

dt
� r2 + r3 − r4 − r5 � 1

64
100XY + 14X2 − 4Y − 110( ) � g X,Y( )

(2).
The concentration of A does not appear in this equation

because it is not a variable, but it is a constant by making the rate
of supplying A into the chemical system equal to its rate of
consumption by the chemical reactions. Because all reactions
with W or C as the reactants instantly progress, their
concentrations also do not appear in this equation. In
addition, the concentration of C’ is also regarded as a
constant because its production uses the instantly progressing
process. The steady-state solutions for the concentrations of X
and Y, XSS and YSS, respectively, are obtained as XSS � 1 and
YSS � 1 by setting f(X, Y) � 0 and g(X, Y) � 0, respectively. The
role of X and Y in the complex chemical reaction network can be
analyzed by calculating ∂f/∂X and ∂g/∂Y at the steady state.
Because they are

∂f
∂X

( )
SS

� 1
64

−100YSS − 28YSS( ) � −2< 0 (3),

∂g
∂Y

( )
SS

� 1
64

100XSS − 4( ) � 3
2
> 0 (4),

X and Y are regarded as the inhibitor and activator, respectively
[6, 9, 10].

FIGURE 1
Schematic illustration for explaining Alan Turing’s idea for the chemical system generating a spatially periodic stationary concentration pattern as the
result of the instability of the spatially homogeneous state.

Frontiers in Physics frontiersin.org02

Aizawa and Asakura 10.3389/fphy.2024.1358766

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1358766


To evaluate the stability of this steady state to the spatially
inhomogeneous fluctuation, the property of the
reaction–diffusion equation,

∂X
∂t

� 1
64

4 − 100XY − 14X2 + 110( ) +DX∇
2X

� f X,Y( ) +DX∇
2X (5),

∂Y
∂t

� 1
64

100XY + 14X2 − 4Y − 110( ) +DY∇
2Y

� g X, Y( ) +DY∇
2Y (6),

should be analyzed. Here, DX and DY are the diffusion
coefficients of X and Y, respectively. Turing developed a 20-
cell ring model, and the stability of the steady state to the
spatiotemporal fluctuation of X and Y, δX � α eλt cos qr and
Y � β eλt cos qr, in which t and r are the temporal and spatial
dimensions, respectively, was analyzed. A linear stability
analysis showed that the Turing instability arises when the
diffusion coefficient of the inhibitor, DX, is larger than that
of the activator, DY, to lead to the spatially periodic
concentration pattern formation of morphogens as the
results of the growth of spatiotemporal fluctuation, although
the kinetics of nonlinear chemical reactions are absolutely the
same for each cell in the ring model. This historical theoretical
study showed that the generation of patterns on the body
surfaces of animals such as the angelfish, zebras, and tigers is
not a mystery of living systems but a normal phenomenon based
on the laws of physics and chemistry without violating the
second law of thermodynamics.

3 Forty years of journey to the
experimental realization of Turing
pattern formation in the CIMA
reaction system

In spite of active and extensive research for the generation of
the Turing pattern in a real chemical reaction system after Alan
Turing’s historic theoretical study, its experimental realization
had not been achieved for nearly four decades. In 1977, an
example of a spatially periodic stationary pattern was found to
be generated in chemical systems [11]. It was once believed that it
was the first experimental realization of the Turing pattern.
However, these structures were later shown to be generated by
convection. The greatest challenge in the experimental
realization of the Turing pattern was determining the
condition under which the inhibitor diffuses more rapidly
than the activator.

The first experimental realization of the Turing pattern was
successful in 1990 using the CIMA reaction system by the
Bordeaux’s group [2]. However, the initial purpose of this
research was not the generation of the Turing pattern but the
generation of the sustained chemical oscillation in the open gel
reactor. They used a polyacrylamide hydrogel plate as the reaction
medium to prevent convection. The hydrogel plate was then
attached with circulating reservoir solutions containing
reactants of the CIMA reactions. The reactants were then
diffused from the circulating reservoir solutions into the

hydrogel plate, and the waste products were discharged to the
circulating reservoir solutions to make the polyacrylamide
hydrogel plate the open chemical system. The CIMA reaction
was known to generate chemical oscillation [12, 13]. Because the
behavior of the CIMA reaction after the initial induction period
resembles that of the chlorine dioxide–iodine–malonic acid
(CDIMA) reaction, the mechanism of the CIMA reaction after
the initial induction period can be regarded as that of the CDIMA
reaction in which the activator, I−, and inhibitor, ClO2−, were
generated as the intermediates [14, 15]. To enhance the visibility
of chemical oscillation, starch was added to the acrylamide
monomer solution as the color indicator before polymerization
to prepare the hydrogel plate. Starch forms a complex with the
triiodide anion and shows a blue–violet color. Thus, it is not only a
color indicator but also traps the activator, I−, that forms the
triiodide anion with an iodine molecule contained in excess in this
chemical reaction system to lower the effective diffusivity.
Although there is no significant difference in the diffusion
coefficient of iodide and chlorite anions, the Turing pattern
was found to be generated in this chemical reaction system in
the open gel reactor. The condition under which Turing instability
is realized was accidentally achieved in this way.

After this finding, extensive studies were conducted to
determine the chemical system, in which Turing pattern
formation could be experimentally realized. It was found that
the CDIMA reaction also causes Turing instability in the open gel
reactor containing starch [16]. In addition, the condition was
found for the isolated CDIMA reaction solution containing
starch to generate a transient Turing pattern [17]. Lowering
the effective diffusivity of I− was achieved not only by starch
but also polyvinyl alcohol contained in the open gel reactor to
generate the Turing instability [18]. The CDIMA reaction in the
polyacrylamide hydrogel plate that was prepared using a high
concentration of a cross-linking agent also led to Turing pattern
formation [19].

Not only CIMA and CDIMA reactions but also other nonlinear
chemical reaction systems were found to give rise to Turing
instability. Turing pattern formation was observed in a
ferrocyanide–iodate–sulfite reaction system in an open one-side-
fed reactor [20–22]. The Belousov–Zhabotinsky (BZ) reaction in a
water-in-oil aerosol OT (AOT) micro-emulsion system was also
found to realize Turing instability [23]. In this case, the higher
solubility of Br2 in the continuous oil phase makes the effective
diffusivity of the inhibitor, Br−, considerably larger than that of the
activator, HBrO2, to satisfy the conditions of the Turing pattern
formation. Quantitative analyses were conducted by utilizing the
model proposed on the basis of the behavior of this chemical system,
and five out of the six structures predicted by Turing were observed
[24]. In addition, recent tomography analysis revealed the
generation of three-dimensional Turing patterns [25].
Stationary pH patterns were found to be generated in a
thiourea–iodate–sulfite reaction system in a gel one-side-fed
unstirred tank reactor [26]. Turing pattern formation was
reported in the system based on the autocatalytic oxidation by
hydrogen peroxide [27], iodate–sulfite–thiosulfate reaction [28],
and bromate–sulfite–ferrocyanide reaction systems [29]. In
addition to the studies of Turing pattern formation in pure
chemical systems, attempts were made to generate Turing
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FIGURE 2
(A) Experimental setup for the open gel reactor. (B) Hexagonal, vague, and black eye patterns observed in the open PAM gel reactor by the CIMA
reaction in the presence of DTAB. Two-dimensional spatial Fourier transform image of each pattern is shown below each pattern. (C) Hexagonal,
labyrinth, and coexisting hexagonal and labyrinth patterns observed in the open P(DMAPAA-Q−AM) gel reactor by the CIMA reaction in the absence of
DTAB. Two-dimensional spatial Fourier transform of hexagonal and labyrinth patterns is shown below each pattern. A picture of the coexistence of
hexagonal and labyrinth patterns taken using a regular digital camera is also shown. (Reprinted with permission from ref 8. Copyright 2011 American
Chemical Society)
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patterns in in vitro systems, and stationary patterns were found to
be generated in a two-protein reaction–diffusion system [30].

4 Turing pattern formation by the CIMA
reaction in the presence of quaternary
alkyl ammonium cations

Quaternary alkyl ammonium cations are known to show high
affinity to I−. It was reported that N,N,N’,N’-tetramethyl-N,N’-
dioctadecylethylene-1,2-diamine acts as a ligand of the ion-
selective electrode for iodide anion [31]. In addition, a high
counter-ion selectivity of the dodecyltrimethylammonium cation
toward I− was observed for ion flotation [32, 33]. These properties of
the quaternary alkyl ammonium cations motivated us to utilize them
to lower the diffusivity of I− generated in the CIMA reaction system
and satisfy the condition for the Turing pattern formation. Two
types of attempts were made for the CIMA reaction in the open gel
reactor. One was the addition of the quaternary alkyl ammonium
amphiphile to the solution to formmicelles to trap I− in their vicinity
by selecting it as the counter anion. The other was utilizing a
hydrophilic polymer with a quaternary alkyl ammonium cationic
side chain as the hydrogel plate for an open gel reactor. In this case,
I− was expected to be incorporated into the hydrophilic polymer as
the counter anion.

Two types of hydrogel plates, PAM gel plate and P(DMAPAA-Q-
AM) gel plate, were used as the open gel reactors. The PAM gel plate
was prepared by the polymerization of acrylamide (AM) with a cross-
liking reagent, N,N′-methylene bis-acrylamide (BAM). This gel plate
was used for experiments where a quaternary alkyl ammonium
amphiphile, n-dodecyltrimethylammonium bromide (DTAB), was
added to the reaction system. The P(DMAPAA-Q-AM) gel plate
was prepared by the copolymerization of N,N-
dimethylaminoethylacrylate methyl chloride quaternary salt
(DMAEA-Q) and AM with BAM. Because the polymer itself
possesses a quaternary alkyl ammonium cationic group, this gel
plate was used for experiments in the absence of DTAB. The CIMA
reaction was performed by flowing two reservoir solutions through the
boxes to make the chemical reagents diffuse into the open gel reactor
(Figure 2A) [8]. The gel plate along with a spacer was tucked between a
pair of plastic boards with a circular hole with a diameter of 1.5 cm. This
apparatus was then tucked between a pair of spacers and plastic boards
with no holes. The entire system was clipped together, and the reservoir
solutions were flowed continuously into the reservoir solution box,
i.e., the space between the plastic board with a circular hole and the one
without, to diffuse the chemical reagents into the open gel reactor.
Reservoir A contained malonic acid (MA), KI, and H2SO4, whereas
reservoir B contained KI, NaClO2, and DTAB. The flow rates of both
reservoir solutions were 5.0 mL min−1, and they were flooded from the
top of the spacer to keep the concentrations of all chemical reagents in
the reservoir solutions constant. The temperature of the entire system
was maintained at 25°C.

Three types of Turing patterns, hexagonal, vague, and black eye,
were observed in the open PAM gel reactor when DTAB was added
to the reservoir solution for the CIMA reaction (Figure 2B) [8]. All
experiments were carried out by fixing the concentrations of the
amphiphile at [DTAB] = 4.0 × 10−2 M in the reservoir B solution.
The critical micelle concentration (CMC) of DTAB and its

corresponding iodide salt, DTAI, is 1.4–1.6 × 10−2 M [34] and
7.1 × 10−3 M [35], respectively, and the concentration of DTAB in
the solution of reservoir B was higher than their CMC. Micelles of
the n-dodecyltrimethylammonium anion are thus expected to be
formed in at least two-thirds of the open gel reactor based on the
exposed surface attached to the solution of reservoir B. The Turing
pattern was observed in relatively large concentration regions for
[KI] and [NaClO2] in the reservoir B solution by fixing the
concentrations of KI, MA, and H2SO4 in the reservoir A solution
at [KI] = 2.0 × 10−3 M, [MA] = 3.9 × 10−3 M, and [H2SO4] = 3.0 ×
10−2 M. The Turing pattern was not generated in the control
experiments where DTAB was not added to the reaction system.
The spatial periodicity of these patterns was analyzed by two-
dimensional spatial Fourier transform to obtain the power
spectra (Figure 2B) [8].

In the case of the CIMA reaction in the P(DMAEA-Q-AM) gel
reactor in the absence of DTAB, patterns with a significantly clear
color contrast were generated, and a clear picture of the pattern
using a regular digital camera was obtained in some cases
(Figure 2C) [8]. By fixing the concentrations in the reservoir A
solution at [MA] = 4.0 × 10−3 M, [KI] = 1.3 × 10−3 M, and [H2SO4] =
3.0 × 10−2 M, the Turing pattern was observed in relatively large
concentration regions for [KI] and [NaClO2] in the reservoir B
solution. They were hexagonal, and labyrinth patterns and
coexisting hexagonal and labyrinth patterns were observed in
some cases. The spatial periodicity of these patterns was analyzed
by a two-dimensional spatial Fourier transform. Because the
hexagonal pattern generated in the open P(DMAPAA-Q-AM) gel
plate was significantly clearer than that generated in the open PAM
gel reactor in the presence of DTAB, the power spectrum of the
hexagonal pattern in this case also exhibited a clear hexagonal
character (Figure 2B) [8].

5 Conclusion

Alan Turing studied the reaction–diffusion chemical system to
show that well-known physical laws are sufficient to account for the
main phenomenon of morphogenesis. Although the concept of the
Turing pattern invented was categorized in the concept of dissipative
structures, i.e., self-organization in far-from-equilibrium systems, its
invention was 3 years before the proposition of the concept of
dissipative structures by Ilya Prigogine. The Turing model showed
that the coupling of nonlinear chemical reactions and diffusion leads
to the instability of the spatially homogeneous state to form spatially
periodic stationary concentration patterns. Two chemical species,
the activator and inhibitor, were synthesized as intermediates of the
nonlinear chemical reaction, and the diffusivity of the inhibitor
should be higher than that of the activator for the Turing instability.
The first example of the Turing pattern was realized in a CIMA
system in an open gel reactor consisting of starch as the color-
enhancing agent. In this case, iodide and chlorite anions were the
activator and inhibitor, respectively, and the starch formed a
complex with the iodide anion, the activator of this chemical
system, to lower the diffusivity. The condition for the Turing
instability was thus satisfied. After this finding, several
experimental realizations of Turing patterns were reported.
Among these examples, we successfully generated Turing
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patterns in a CIMA reaction system in an open gel reactor using
micelles of a quaternary alkyl ammonium amphiphile and a polymer
with a quaternary alkyl ammonium group as the side chain to inhibit
the diffusivity of the iodide anion. In the latter case, significantly
clear color tone patterns were observed.

Proposition of the concept of the Turing pattern formation [1],
followed by its first experimental realization in the artificial chemical
system [2], is regarded as the historic event in science. It led to
extensive research on the relation between Turing pattern formation
and biological pattern formation [36–39].
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