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The first theoretical and experimental study of a competitive reaction with initially separated
components is presented. Rich spatiotemporal reaction front patterns are produced by a simple
theoretical reaction-diffusion model. Such patterns are observed experimentally for the reaction
Cr* + xylenol orangg(XO) — products. The conditions for these front patterns are significant
differences in the microscopic reaction constants and in the initial densities of the competing species.
[S0031-9007(96)00897-6]

PACS numbers: 82.20.—w, 82.30.—b, 05.40.4j

In a series of recent papers [1-16], it has been showsubject to the initial separation condition along thaxis,
that elementary reaction-diffusion systems with initially

separated components have very unusual dynamical prop- pa(x,0) = ao[l — H(x)],
erties. Forthe elementary reactién+ B — C, the initial B
separation of reactants leads to the formation of a dynamic pp(x,0) = boH (x), (2¢)

reaction front. The presence of such a reaction interface - " .
is characteristic of many processes in nature [17-22]. In‘-"'her(.e 4o bo are the.'n't'al densities ,andl(x)' IS the
teresting properties of the front are the global reaction ratge_aw&de step function, so that. thes are initially
R(1), the location of the center of the reaction frantr), urnformlyh d'S.mEUte.g on the Ie];t Sh'déx = ?)b andd the
the width of the frontw(z), and the local reaction rate at B's on the right side(x > 0) of the initial boundary.

the center of the fronR(xs, 7). These reaction rate and In_thze r;eap—flelld d((ejscrtl_ptlon, twggh. IS dv‘;’l.“d d[7k]) att%ove

front properties have been shown to follow a nonclassicatﬁl - R € T"’]‘C production rate hi ,hIS' ?hmeb y fe

behavior, with anomalous time exponents [1,5,6]. erm R(x, 1) = kp(x,1)py(x,1), which is the basis for
defining all other quantities of interest [1]. In our model

The first level of complexity in chemical reaction 1) which all for th ist f th inal
kinetics is competingelementary reactions, which occur (@), which aflows for the existence ol more than a sing'e
pecies on one side of the initially separated system, the

in many chemical systems [23]. These reactions alsg ) . .
provide the simplest case for the formation of a comple>Pr°du.CtSCl a”d.CZ.aFe assumed to be either identical or
reaction front pattern. In this Letter we show how Suchexperlmentally indistinguishable. Thus the local reaction

a pattern can be simply accounted for by two competinérate of this system will be of the form
elementary reactions; twsimilar speciesA; andA,, on _
one side of the initially separated system, compete to R, 1) = kipa, (6, 00pp (X, 1) + kapa, (x, 0)pp(x,1) . (3)

react with the species on the other side of the system, We have studied this system using a generalized

B, according to the scheme discrete version of the evolution equation (2). At each
A+ BLCI, (1a) time un.it n all species perfor'm a discrete diffusion

L step, using the exact enumeration method [24], followed

Ay + B—>C,. (1b) by reaction events according to the scheme (1). Finite

These two processes are taking place simultaneously, ea F]o_babilities_c_)f reaction replace the reaction constapts
with a different microscopic reaction constaki,andk 21N the spirit of [5]. We have assumed_equal ql|ffu3|on
! 2 coefficients for all species and have studied a wide range

In the simplest model of thed + B — C initially . : X i
. . . of microscopic reaction constants and fractions ofAHe
separated system, the following set of mean-field reaction

diffusion equations for the local concentratigng p;, has 6u\tNoef tr?;vg)a%lﬁn%e?sziatty;/vheh and & differ by several
been assumed to describe the system [1]: ! 2 y

5 orders of magnitude, and when the faster reacting
Pa

L4 = D V’py — kpaps . (2a)  species is only a very small fraction of the totablensity
at (A = A; + Ay), the reaction front splits into two centers,
Pb _ DyV2py — kpapy s (2b) and the g'lobal reaction rate is nonmonotonic in time. In
ot the following, we present the results for reaction constants

where D,, D, are the diffusion constants, ankl is k; = 1 andk, = 1074, and initial densities; = 3% and
the microscopic reaction constant. These equations aw® = 97% of the total A density. Figure 1 shows the
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FIG. 1. Numerical results for the time evolution of
the spatial profile of the local production rat&(x,?),

for k; = 1, k, = 107, anda; = 3%, a, = 97% of the totalA
density. The front’s initial position is at 375.
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FIG. 2. Numerical results of the global rakér) as a function
of time for the double-reaction scheme of Eq. (3), for the same
parameters as in Fig. 1.

global rate of the competitive system, which gradually in-
creases up to a time proportional#9' when the second
crossover occurs. The ratio of tHedensities ensures that
there is enough material left for the slower process.

In order to test these theoretical predictions experimen-
tally, we use the chemical reaction [25,26]©f** with
xylenol orange (XO). We propose th@t" is the ana-
log of A and XO is the analog oB in the model. The
main subspecies afr** (4,), which reacts very slowly
with XO [6], comes from the aggregation Gfr*" ions
in aqueous solution, while the other subspecigs,is the
nonaggregated form. The degree of this aggregation is

as obtained by the superposition of the two processeighly dependent on pH. Stiinet al. [27] studied the ag-

according to Eq. (3). Thd; andA, species are initially
located on the left side of the reaction front, while the
species are initially located on the right. At early time

gregation of Ct" occurring in aqueous solution, where
the CP* ions bind withH,0, -OH, and other Cr" ions
to form dimers, trimers, and other, higher order aggregate

(i.e., n = 400), there is already evidence of the EXiStencespecieS of C3I’+, (known as oligomers), as well as nonag-

of two reaction centers. The sharper left peak is a resu
of the reaction ofB with the faster reacting, low density

speciesA;, while the right peak is a result of the reaction
of B with the slower reacting, high density speciés

As time increases, the contribution of the faster reaction,

(1a), decreases, due to the lowér density, and the

contribution of the slower reaction, (1b), increases. In the

asymptotic time region, the front resulting from the slow

reaction becomes dominant, and the left peak disappears.
Figure 2 shows the nonmonotonic behavior of the

global reaction rate,R(t) = fsz(x,t)dx, as a func-
tion of time. In the simple initially separated system,

with only one reaction process, this quantity exhibits a

crossover from a'/2 increase to a~!/2 decrease, which
occurs at a time proportional to~!' [5]. In the com-

peting reaction system, the global rate of the faster re-

action, (1a), the primary early-time contributor to the
superposed global reaction rate, begins to decay after ti

proportional tok; ', at which time the global rate of the
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gregated forms (monomers) with only one ion®©f**.  where the two solutions meet. It also buffers the solu-
Figure 3 shows their results for the percentage of aggretions, keeping the pH relatively constant over time (a few
gated vs nonaggregatedCrions as a function of pH, hours). Product formation with time is measured via opti-
obtained from dour yeartime study of the evolution and cal absorption measurements, using the system described
equilibrium of aqueous Gt solutions at room tempera- in detail in Ref. [3]. Successive absorbance profiles of
ture. At pH 4.5, which was the pH in our experiments,the product formation are obtained by periodically scan-
about 3% of the Cr" in aqueous solution is in nonaggre- ning along a defined length of the reaction vessel. Light
gated form (monomer), and 97% is in the form of aggre-s selectively collected using®0 * 10 nm bandpass fil-
gates (oligomers). Thus the monomer is the fast reactinder, and we assume that both produafy @nd C,) are

low density species4(), and the higher order oligomers detectable at this wavelength. Scans are made every few
constitute the slow reacting, high density specigs).( minutes and each scan takes about 30 s. The time in-
We note that theB species XO has also 10 possible ionictervals between successive scans increase from 10 min at
forms (tautomers) as a function of pH of the aqueous solurelatively short times up to 60 min for long times because
tion [28]. However, we disregard XO as a possible sourcehe total production is much smaller at later times. Sub-
of competing species, since the theoretical model suggestisacting successive absorbance profiles and dividing by
that the two similar species should differ significantly inthe time interval, one obtains the product absorbance per
their reactivity with the other species on the other side otime, which is proportional to the local instantaneous pro-
the system, but it is very unlikely that the ionic forms of duction rateR(x, r).

XO have substantially different rate constants in their re- Figure 4 shows the experimental results for the tempo-
action with chromium [29,30]. ral evolution of the product absorbance per time. Apart
In our experimental system, aqueous gel solutions ofrom a little difference in the amplitude heights at the
Cr** and XO, adjusted to pH 4.5, are introduced into op-longer times, the experimental two-peak pattern mirrors

posite ends of a long, thin capillary tube (reaction vesthe theoretical results fak(x, 7) in Fig. 1. At early times,
sel), the Ct* from the left, and the XO from the right. the primary contribution derives from the faster reacting
The initial concentrations are, = 1.05 X 1073 M for  nonaggregated €f species4;), while at later times the
the total Cr**™ density, andb, = 1.1 X 10~* M for the  main contribution is from the slower reacting ’Crag-
XO. Adding gelatin to the solutions deters convection,gregate speciesi{), which diffuses farther right into the
thus aiding in the formation of a sharp reaction boundaryeaction zone before reacting. In Fig. 5 we show the ex-
perimental results of the spatially integrated absorbance
t = 29 min. t = 373 min. per time. This quantity exhibits a nonmonotonic time be-

0.0004 o .
0-008 havior, in excellent accord with the results of the theoret-
6.004 0.0002 ical model for the global rateR(t)_ (Fig. 2). The |n.|t|al

decay due to the faster process is followed by an increase
0 o M caused by the slower reaction, which starts to dominate

1) e the entire process. Finally, at longer times, the reactant
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FIG. 4. Experimental profiles of the product absorbance per time (mnin)

time at various times. These profiles are proportional to thé=IG. 5. Experimental results of the spatially integrated ab-
rate R(x,t) and are in very good agreement with the theoreticalsorbance per time, which is proportional to the global reaction
predictions presented in Fig. 1. The initial position of the frontrate R(z). The results are in accord with the theoretical results
is at 375, in units of 0.1 mm. shown in Fig. 2.

1642



VOLUME 77, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AcusT 1996

concentration of all species is sufficiently low and the[12] S. Cornell and M. Droz, Phys. Rev. LeR0, 3824 (1993);
global rate decreases asymptotically. S. Cornell,ibid., 75, 2250 (1995).
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