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Gel-free experiments of reaction-diffusion front kinetics
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We present a gel-free experimental system to study the kinetics of the reaction front ArtBe-C
reaction-diffusion system with initially-separated reactants. The experimental setup consists of a CCD camera
monitoring the kinetics of the front formed in the reaction-diffusion process" €utetra [disodium ethyl
bis(5-tetrazolylazp acetate trihydrate—1:1 complex, in aqueous, gel-free solution, taking place inside a
150 um gap between two flat microscope slides. The experimental results agree with the theoretical predictions
for the time dependence of the front’s width, height, and location, as well as the global reaction rate.
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The kinetics of the reaction front in th&+B—C pa )
reaction-diffusion system with initially-separated reactants W:Dav Pa—Kpapy, (13

has been studied extensively in the past ded¢ade1] and

has shown many exotic properties. Initial separation of the

reactants is an initial condition that readily enables, in prin- %: D.V2p. —k (1b)

; . . Lo ; bY Pb~ KPaPp,

ciple, experimental investigations of this system at

[2,6,20,22,23 Indeed, some of the novel characteristics of

this system, such as the nonmonotonic motion of the reactiowhereD, andD,, are the diffusion coefficients aridis the

front[6], or the splitting of the front in the case of competing microscopic reaction rate constant. For the initially-separated

reactiong20], have been experimentally observed in a seriesystem, the initial condition reads

of absorption measurements in a capillary where reactants

diffuse and react in a gel solution. pa(X,00=agH(x), pp(x,00=bg[1—H(x)], (2
However, some of the more recent theoretical predictions,

such as thecomplexnonmonotonic motion of the reaction wherea,, b, are the initial densities and(x) is the Heavi-

front [21] or the breakdown of the basic nonmonotonic side step function, so that thés are assumed to be initially

motion[29] have not been obtained yet in experiments. Thisyniformly distributed on the right sidext=0), and theB'’s

is attributable to experimental difficulties, some of them re-op, the left side x<0) of the initial boundary.

lated to problems with the consistency of the gel solution.  The guantities that describe the kinetic behavior of the

In this Rapid Communication we present a gel-free eXyo5ction front are defined on the basis of the reaction term

perimental system and a set of measurements of the reacti x,t)=kp,(x,)pp(x,t). These are the front widthv(t)

front properties in this system. The reaction-diffusion Pro-that was shown by Gfand Raz [1] to increase with time
cesses are taking place in a confined geometry, within a 9305t with a=1/6, an exponent that is significantly smaller

B 150 pm be;ween two flat micro;cope slides. Fibers O.fthan the exponent 1/2 associated with the length scales in
that d|ameter_f|ll the boun.dary requirements for this experi-yitt sion processes; the front heigR(x ,t) that decreases
ment. These include a uniform gap easily assembled, abilit ith time ast~# ,6'=,2/3' andx;(t), the I'ocation of the re-
to introduce reactants initially separated into this gap, an ction front cen,ter, Whi(,:h is defir;ed as the position where

provide a means of controlled process initiation by remova ; - : ;
of the boundary. A sketch of the experimental setup is shown (x,t) is maximal. This front location has been foui&21]

in Fig. 1. A somewhat similar setup has been used very re-

cently to study the dynamics of diffusion-limited corrosion (\ Computer
of ramified electrodeposi{s32].
The confined geometry of the experiment allows one to coD
expect the system to be a non-convective one, with no nee« Top view

for a gel solution. In the current context, convection is any
motion faster than diffusion, which may be characterized by N
a time exponent greater than 1/2. The old capillary experi- Sideview, ——= Mcroscope A B
ments(52 cm long and 4 mre2 mm cross sectignwvere in o (
fact three-dimensional, with the clear advantage of mean-,_ . . —— \
field validity, but the necessity of the gel solutior%l to prevent Optcal Fbers === Band-pass Fiter \_L/
convection resulted in serious experimental difficulties E=——1 Optical Diffuser Optical fibers
[21612012223 Q Halogen Lamp

The simpleA+B— C system is assumed to be described
for dimensiongd=2 by the mean-field equations for the lo-  FIG. 1. A sketch of the experimental setup. The middle fiber is
cal concentrationg,, py,, [1] pulled out to initiate the reaction.
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FIG. 2. Typical optical images of accumulated reaction fronts > 400 7

for the reaction-diffusion system Eu(right)+tetra (lefty—»1:1 2 300 -
complex. Images were taken (@ 5 sec,(b) 2 min, (c) 25 min, and 5':3
(d) 44 min, after the initiation of the process. E 200 1

= 1001
to behave in a nontrivial manner, prior to the asymptotic 0 T T T r r
propagation as'?. The global reaction raté(t), is just the 0 100 200 300 400 500
Lrltsgrated area undd®(x,t), and it goes asymptotically as position (pixel)

In the following we describe in detail the experimental |G, 3. (a) A typical absorption image of the reaction front in
setup and procedure and present data for the abovene experiment, with a coordinate system added, taken at
mentioned quantities, which have been found to be in goo@=25 min. The horizontal line represents a pixel lineyat 256.
agreement with the theoretical predictions. (b) The corresponding transmission profile of the product along the

The experiments are performed in a thin gébout pixel line.

150 um) between two flat microscope slides with dimen-

sions 75 mnx25 mmx1 mm. Three parallel optical fi-

bers with a diameter of 15um are inserted between the An optical diffusing glass reduces spatial fluctuations of the
two microscope slides as shown in Fig. 1. Two optical fibersight intensity from the halogen lamp over the illumination
at both ends act as spacers, while the fiber at the center of tkgea. The absorption maximum of the purple-colored product
slides acts as a boundary, allowing the initial separation ofs 535 nm, whereas the absorption of the tetra reactants is
the two reactant solutions, as well as the formation of geaked at 410 nm. An optical band-pass filter at 540 nm
straight reaction front at=0. The observed reaction is a 1:1 monitors only the product, where the reactants have negli-
complex formation between coppét) and disodium ethyl gible absorption and are not observed in the images. The
bis(5-tetrazolylazgacetate trihydrate(“tetra”) in agqueous entire experiment is performed at room temperature.
solution, i.e., C&" +tetra»1:1 complex. The concentra- After the reactants are injected into the gap between the
tions of the reactants afeCwP*]=2x103M and[tetrd  slides, the fiber at the center of the slides is pulled out
=1x10"3M. The reactants are injected with syringes intoquickly to initiate the reaction. The reaction results in the
each side of the thin gap. immediate formation of the purple-colored product at the

A CCD camera(SpectraSource Instruments, model Tel-boundary. The first image of the product is taken immedi-
eris 2 12/16 with a macrolengNikon AF Micro 60 mm f2.8  ately when the optical fiber is removed from the center of the
1:1) records the optical absorption images of the product atlides(time zerg. A series of images of the product are then
different times. The CCD has 5X512 pixels, and the size taken with time intervals increasing from 30 sec to 20 min.
of the image monitored is 1 cmX1 cm, so the spatial reso- Product formation was typically monitored up to about 60
lution is =~ 20 um/pixel. A typical exposure time is 100 ms. min. It was not necessary to have a boundary or seal the long
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FIG. 5. Reaction front kinetic characteristics as a function of
FIG. 4. A typical pattern of evolution of the reaction front pro- time. (&) Center,(b) width, (c) height,(d) global reaction rate.
file at successive times, 0.25-48 ntimot in scalé.

line seems to be sufficient, one can achieve better statistics

edge of the slide, since no evaporation effects were observdwy repeating the aforementioned data processing procedures
from these water-based solutions over the time of the reaat more horizontal pixel lines. We have then taken the aver-
tion. age of the measurements of the dynamic parameters from 15

Figure 2 shows typical images of the product seen as thpixel lines (=160, 165, 170, 175, 180, 190, 195, 200, 205,
dark vertical band for a series of successive tifrasging 210, 226, 236, 246, 256, and 2660 obtain the averages of
from 5 sec up to 44 min Copper ions are on the right side center location, width, and height of the reaction front at
and tetra ions are on the left of the product in the image. Thiglifferent times, as well as the global reaction rate. In Fig. 5
image represents the total accumulated product formed up twe plot the results of this analysis. The time exponents seem
that time. To obtain the mean-field properties of the dynamio be in good agreement with the theory. The exponent for
ics of the reaction front in our experimental system, one hashe center location of the reaction fromt(t), is found to be
to integrate the product intensities along the y axis that i€.60, which is slightly higher than the theoretical 1/2, but the
parallel to the reactant boundary. However, noticing theresults for the width and the height, 0.12 an@.64, respec-
similarity of the product concentrations along the y axis intively, are reasonably close to the theoretical valuesl/6
the image, it can be assumed that, in principle, the dynamicand 8= —2/3. In addition, they obey the scaling relation for
along the y axis is independent of position, and no integrathese exponents, which was shown byifGand Raz [1] to
tion along the y axis is required. This symmetry allows onebe o+ 8= —1/2. An independent calculation of the global
to choose any one pixel line along the x axis and compareeaction rate yields the exponent0.47, in agreement with
the profiles at this position within the series of images. Fig-the theoretical value-1/2.

ure 3b) shows a typical product profile along tlye=256 In summary, we have presented an alternative experimen-
pixel line from the image in Fig. (&), obtained at tal system for reaction-diffusion kinetics with initial separa-
t=25 min. tion geometry. The system reproduces the basic anomalous

According to the Beer-Lambert law, the absorption in Fig.kinetics of this process. The technique, in particular the use
3(b) is directly proportional to the concentration of the prod- of a gel-free solution in which the reaction takes place, is
uct. Subtracting two consecutive profiles of the product andrery promising. It can be utilized for other investigation
normalizing by the time interval between them, we obtaintechniques, such as fluorescence, with the advantage of better
the profiles of the reaction front at different times along thesignal-to-noise ratio. In particular, one can try to control the
line we select y=256 in this casg i.e., the spatial profiles motion of the reaction front by changing the initial concen-
of R(x,t) at different times. In Fig. 4 we show a set of trations, in order, for example, to stabilize the front motion,
reaction profiles corresponding to the production R{®,t) or to have it moving in any preferred direction after possible
of C at successive times, ranging from 15 sec up to 48 minnonmonotonic motion. In addition, further reducing the gap
We can then measure the dynamic parameters of the reactigize may eliminate any possible convection effects.
front from the profiles, namely, the position of the reaction
front, x¢(t), the widthw(t), the height at the front center, We appreciate support provided by NSF-DMR, Grant No.
R(x¢,t), and the global reaction ratB(t). 9900434 (R.K.), and by the Israel Academy of Sciences

Although analysis of the front properties of a single pixel (H.T.).
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