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Nanoscale changes induce microscale effects in Turing patterns
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a

Received 2nd November 2010, Accepted 1st December 2010

DOI: 10.1039/c0cp02362k

A water-in-oil microemulsion loaded with a reaction-diffusion chemical system

(Belousov-Zhabotinsky reaction) is able to exhibit Turing patterns that are believed to be

responsible for differentiation processes in Nature. Using polymers, such as polyethylene oxide,

longer than the droplet size changes the distribution of droplets due to cluster formation. This

difference in the nanoscale has relevant consequences in the observed the Turing pattern’s

wavelength, which is three orders of magnitude larger than the droplet size.

1. Introduction

Pattern formation in systems far from equilibrium has played

an important role in different scientific areas such as biology1

and non-linear chemistry.2,3 An example of a chemical

reaction-diffusion system that exhibits a diversity of non-

monotonic behaviors is the Belousov–Zhabotinsky (BZ)

reaction4 confined in water-in-oil (w/o) microemulsions, where

AOT (sodium bis(2-ethylhexyl)sulfosuccinate) is frequently

used as the stabilizing amphiphile.5–7 On changing the

confinement conditions where the BZ reaction takes place,8

the BZ-AOT system is able to present different dynamics,

ranging from Turing structures9,29 to standing waves10 and

packet waves.11 Characteristic parameters defining the

properties of the AOT reverse microemulsion such as the

droplet radius and the droplet volume fraction12–14 appear

as relevant factors to regulate the formation of patterns.8

In this regard, formation of droplet clusters and subsequent

percolation phenomena, in which individual spherical droplets

and droplet clusters transform into elongated water channels

and induce changes of several orders of magnitude in both

viscosity and electrical conductivity,15,16 should affect pattern

formation, its features and dynamics. In this regard, tempera-

ture has been shown to be a means for percolation to appear.17

Thus, by using the temperature as an external forcing of

BZ-AOT systems under different initial conditions a variety

of spatiotemporal structures whose dynamics differ from the

room temperature pattern was found.18–20 Clusters of droplets

have also been obtained due to the ability of reverse micro-

emulsions to host different hydrophilic macromolecules such

as enzymes21–23 or polymers.24–26 Polymer-induced cluster forma-

tion and percolation has been shown to depend on the relation

between the polymer chain length and the nanodroplet radius.27

In particular, the homopolymer polyethylene oxide (PEO) was

proposed as a model macromolecule to better establish the

interactions between droplets in reverse microemulsions28 and,

also, to understand and control the percolation phenomenon.

Here, we report on the control of the characteristic features

of Turing patterns formed following a BZ reaction confined

in an AOT- water-octane (w/o) microemulsion system by

modifying the PEO concentration in the reaction medium.

We observed that with small increasing concentrations of the

homopolymer in the microemulsion we induced severe

changes in its structure, that is, the formation of polymer-

induced droplet clusters. These changes in the microemulsion

structure involve dramatic modifications in the features

of the Turing patterns formed in the absence and in the

presence of the homopolymer in solution, which are related

to variations of the diffusion coefficients of the species present

in solution.

In a previous paper, we reported on the effect of PEO of

different molecular weights with chain sizes shorter than the

droplet radius in a BZ-AOT system. We observed remarkable

differences in the characteristic lengths of the dashed wave

patterns formed.30 In this case, travelling waves breaking into

segments could be observed for 24 h, while polymer-stabilized

droplets maintained constant their hydrodynamic radii. There-

fore, a detailed knowledge about the conditions at which the

BZ reaction confined in the AOT reverse microemulsion

system is necessary in order to achieve full control on the type

and characteristics of the generated spatio-temporal patterns.

2. Experimental

All chemicals were purchased from Sigma-Aldrich Chemical

Co and used as received, except octane that was purified by

mixing with concentrated H2SO4 for 2 days.

In a typical sample preparation, a solution of 1.5 M AOT in

octane was used to make two different AOT microemulsions

(MEs) with different aqueous content. The first microemulsion

(ME1) was composed of malonic acid (MA) and H2SO4, while

the second one (ME2) was loaded with a 25 mM ferroin
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solution and bromate. Ferroin was elaborated in our laboratory

as a solution of 1 M FeSO4 and 3 M of 1, 10-Phenanthroline.

The homopolymer PEO (Mw = 35 000 g mol�1, named as

PEO 35000) was diluted at the desired concentrations into the

aqueous phase of both microemulsions, prior the addition of

AOT in octane. The resultant microemulsion was obtained

mixing equal volumes of both MEs and diluting with octane.

Dynamic light scattering measurements were performed

with a laser light scattering instrument with vertically

polarized incident light (l = 488 nm, 2 W argon ion laser,

Coherent Inc., Santa Clara, CA) combined with a digital

correlator (ALV 5000E, ALVGmbH, Germany). All solutions

were previously filtered (0.2 mm cellulose nitrate membranes,

Whatmans GmbH, Dassel, Germany). DLS correlation data

were analyzed by the constrained regularized CONTIN

method to obtain distributions of decay rate.31,32 The hydro-

dynamic radius rh was estimated from the diffusion coefficient

using the Stokes–Einstein equation and assuming that the

solvent viscosity is that of octane

D0 = kBT/6pZrh (1)

where D0 is the diffusion coefficient of a sphere at infinite

dilution, kB the Boltzmann constant, T the absolute tempera-

ture, and Z the solvent viscosity.

Electrical conductivity measurements were performed using

a Mettler Toledo SevenEasy Conductivy meter at room

temperature using an inLab 730 measuring cell.

In order to image the spatio-temporal patterns, a drop of

the resultant microemulsion was sandwiched between two

transparent windows separated by a Teflon spacer (Zeflour

membrane) of 80 mm. To observe pattern formation, we used a

camera (Guppy AVT 64 fps) with an achromatic objective

(DIN 4� Edmund Optics) connected to a personal computer.

3. Results

Initial conditions of active media were kept constant to

analyze the effect of polymer PEO 35000 on pattern formation.

In this way, the concentration of BZ reactants in the aqueous

phase were: [MA]0 = 0.25M, [H2SO4]0 = 0.17 M, [NaBrO3]0 =

0.16 M, and [ferroin]0 = 4 mM. The concentration of

droplets was determined by means of the volume fraction of

the dispersed phase (jd = 0.36), while the droplet size was

obtained through the relation o � [H2O]/[AOT] = 18.33

Experiments were made by changing the polymer to water

molar ratio, P (P = [PEO]/[H2O]). We restricted our analysis

to P values lower than 2.4 as a consequence of phase separa-

tion at larger P values.

The BZ-AOT system under the above chemical conditions,

both in the absence and in the presence of PEO 35000, exhibits

Turing structures34 after several bulk oscillations (Fig. 1a).

These patterns remained steady for one hour occupying the

entire reactor and, then, slowly fade away. The characteristic

wavelength of these Turing patterns was analyzed through

two-dimensional FFT (see insets in Fig. 1a–1c). It was

observed that patterns change under the presence of varying

concentrations of PEO 35000 (see Fig. 1). Fig. 1d shows the

progressive decrease of characteristic dimensionless wave-

length, l= lPEO/l0 (ratio between the wavelength in presence,

lPEO, and in absence, l0, of polymer), of the Turing patterns

with increasing P ratio. Values up to half of the characteristic

pattern wavelength in the absence of homopolymer were

reached.

In order to elucidate whether the changes in Turing pattern

features are related to changes in microemulsion nano-

structure, we performed DLS measurements for the

BZ-AOT microemulsion system in both the absence and the

presence of different homopolymer concentrations. It is

necessary to point out that these experiments were made in

the absence of ferroin in order to avoid solution coloration. In

the absence of polymer, the droplet size distribution observed

involves the presence of a main peak centered at ca. 5 nm

(see Fig. 2a), in fair agreement with the droplet size predicted

by using the well-known approximated relation R = 0.175o
(rh = 3.5 nm).35 In addition, a very small second peak can also

be observed corresponding to mean sizes one order of

magnitude larger than the former one. This may indicate the

presence of a little portion of aggregated water droplets. In

contrast, when the PEO polymer is added (P = 2.4 in Fig. 2a,

as an example), a dramatic change in both mean droplet sizes

and population distribution profiles are observed: Regarding

droplet size values, we observe that the peak corresponding to

individual droplets decreases in magnitude and also broadens,

but the mean droplet size remains almost unaltered (ca. rh =

5 nm). Nevertheless, the second peak largely increases in

intensity and also shifts to larger size values, thus confirming

the formation of droplet clusters. In other words, the two

displayed peaks would correspond to two well-differentiated

relaxation modes in the intensity correlation function:36 the

first one associated to droplet self-diffusion and the second one

to collective diffusion of the associated water droplets.37,38

By using the Stokes–Einstein equation, we express the effect

of polymer on microemulsion structure in terms of diffusion

coefficients. Thus, we define Ds and Df as the slow and fast

diffusion coefficient corresponding to clustered and single

droplets, respectively. Dimensionless units were used to clearly

Fig. 1 Turing structures observed in a BZ-AOT system for different

P = [PEO]/[H2O]). Ratios: (a) P = 0, (b) P = 0.9 and (c) P = 2.4.

Insets are the 2D Fourier spectra of the respective pattern images.

Frame sizes = 1.3 � 1.3 mm. (d) Variation of the non-dimensional

Turing wavelength with polymer concentration.
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show the variation of the diffusion modes when the polymer is

present in the reactive system (D1 = Ds/Ds0 and D2 = Df/Df0,

with Ds0 = 10�11 m2 s�1 and Df0 = 1.4 � 10�10 m2 s�1 being

the slow and fast diffusion coefficients of the BZ-AOT micro-

emulsion system in the absence of PEO 35000). Fig. 2b shows

the correlation between dimensionless diffusion coefficients

(D1 and D2) and P. This plot reflects the constancy of the fast

diffusion mode, whereas the slow mode monotonically

decreases as P increases. Thus, changes in the characteristic

patterns of the reactive BZ-AOT system seem to be related to

changes in the microemulsion nanostructure.

Additional techniques were required to additionally confirm

the nature of the population distribution corresponding to

larger sizes in order to definitely ensure whether the

percolation threshold was reached or, instead, polymer-

induced droplet-clusters were obtained. Electrical conductivity

measurements reveal a conductivity increase proportional to

the added homopolymer concentration (Fig. 2c); nevertheless

this increase is rather below the four orders of magnitude

conductivity rises once the percolation is reached in the AOT

system loaded with the BZ reaction (Fig. 2d).16 This result

seems to confirm that our BZ-AOT system is below the

percolation threshold for the polymer concentration range

analyzed, and it is in good agreement with former predictions

on Turing instability appearance in the microemulsion in the

absence of polymer.8

4. Conclusions

In this paper we have studied experimentally the relation

between Turing patterns features and microemulsion structure

in which the BZ reaction is confined. These changes in the

BZ-reaction confinement in the AOT reverse microemulsion

system in the nanometre scale have relevant effects in the

microscale where Turing patterns are observed. From

the experimental point of view, the use of a polymer with a

mean chain size larger than the droplet size induces

cluster formation and then, the appearance of a collective

diffusion mode. A relationship between the size of confine-

ment medium (or its corresponding diffusion coefficient) and

the wavelength of these structures is also observed.

This shortening in Turing wavelength was observed up to

half of the value obtained for usual BZ-AOT and was

delimited by phase separation for higher concentrations of

the homopolymer.

The results here presented may be relevant for different

fields in science as BZ-AOT system is considered a paradigm

for pattern formation in a compartmented system. Most of the

living systems that exhibit pattern formation in a spontaneous

way are not continuously distributed but rather the active part

is confined to a discrete distribution of cells. Thus, our results

here may help in understanding the influence of the discrete

structure inherent to life on the macroscopic observable

patterns.
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Fig. 2 (a) Droplet size distribution expressed in terms of hydrodynamic radius, rh, of the BZ-AOT system for two different polymer

concentrations: P = 0 (solid line) and P = 2.4 (dashed line). (b) Variation of the dimensionless diffusion coefficients (J) fast mode and (&)

slow mode with polymer concentration. (c) Dependence of electrical conductivity with polymer concentration (P) for the BZ-AOT system at fixed

jd = 0.36. (d) Variation of the electrical conductivity with the volume fraction of the dispersed phase (jd) for the AOT microemulsion loaded with

the BZ reaction.
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