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Monte Carlo simulations are performed for the elementary batch reaction 4 +B—0 on a one-
dimensional lattice. The initial densities of the 4 and B species are always identical but the relative mo-
bility is varied. We investigate the rates, rate laws, and particle distribution functions. The rate power

law is conserved, i.e., the density always decays in time algebraically with exponent 1.

s+ The rate

coefficient is proportional to the relative mobility, as expected. The interparticle distribution functions
(“gaps” and nearest-neighbor distances) show that the aggregation does depend on the relative mobility
but the segregation does not. However, this subtle difference has no effect on the asymptotic reaction or-

der, which is close to 5.

PACS number(s): 05.60.+w

I. INTRODUCTION

Nonclassical reaction kinetics has been of much in-
terest over the last decade, evidenced by the recent spe-
cial volume of The Journal of Statistical Physics [1]. The
most striking nonclassical anomaly is no doubt the spon-
taneous reactant segregation for the A4 +B —0 reaction
(0 symbolizes an inert product that can be totally ig-
nored, such as an irreversibly desorbed product of a sur-
face reaction). This spontaneous segregation and its con-
comitant anomalous rate law were first suggested by
Ovchinnikov and Zeldovich [2] for a diffusion-limited
batch reaction. It was shown later to hold even for
steady-state reactions [3—5] on low-dimensional media.
In most of the early literature it was assumed that the
species 4 and B have strictly the same concentration
(density) and the same diffusion constant (mobility). This
was followed by treatments for unequal concentrations
[6,7]. There were also treatments of unequal mobilities
[7-10]. While, at steady state, the mobility affects both
the degree of segregation and the rate law [8], it was re-
cently indicated [7] that this is not the case for the power
law in batch reactions [7]. How the immobility affects
segregation and aggregation is still an open question.
This question is addressed below for batch reactions.

Experimentally (real experiments, not computer simu-
lations) there have not yet been any published
confirmations of the striking nonclassical anomalies pre-
dicted for the 4 + B reactions. The experiments that did
spawn nonclassical kinetics [10-12] are of the type
A+ A— products (annihilation, homofusion, coagula-
tion) and A4 +B — B (trapping, quenching). These reac-
tions only result in subtle, mesoscopic spatial self-
ordering [13], in contrast to the striking macroscopic
effects predicted for the A +B—0 reactions. The first
step in this direction was recently achieved by Koo and
Kopelman [14,15] in reactions that start under segrega-
tion (separation of the A’s from the B’s, but no aggrega-
tion of A’s or B’s). Here the surprise is the preservation
of the segregation and, concomitantly, its nonclassical
effects on the rate laws [16,17]. Furthermore, neither the
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concentration nor the mobility of the A’s and B’s are
equal. Such unequal mobilities have some unexpectedly
dire consequences [15], affecting both the segregation and
the rate laws. In all 4 +B—0 experimental reaction
studies, it is easy to assure effectively equal concentra-
tions of species 4 and B. However, equal mobilities are
hard to come by. To encourage and support such experi-
ments has been the rationale for the present work. We
note here that experimentally it may be easier to observe
segregation (at least qualitatively) than the anomalous
powers of the asymptotic rate laws. The present investi-
gation not only confirms and extends earlier conclusions
[7] regarding the rate laws, but also presents the particle
distribution functions (various nearest-neighbor distribu-
tions) which give an excellent measure [19-22] of the
spatial self-ordering, i.e., segregation of unlike particles
(A and B) and aggregation of like particles (4 4 and BB).

In the present study, we examine in detail the effects of
unequal mobilities of the two reacting species. We treat
the limiting case of d =1, since if there are going to be
any differences, they will be most pronounced in this
case. In the extreme case of mobility differences, one of
the species will be totally immobile. This problem resem-
bles the well-known trapping problem, where the static
traps ‘“‘capture” all particles landing on them; however,
the important difference here is that the static trap is also
removed from the system when the capture occurs. Thus
the A+B—0 and A4-+B-—>B problems are quite
different [15,17,18], e.g., they belong to different univer-
sality classes with different critical dimensions and ex-
ponents.

II. METHOD OF MONTE CARLO SIMULATIONS

The A +B reaction with the species possessing
different mobilities is simulated directly in the usual way
[20,23], paying attention to the different rates of motion.
Particles diffuse via random walk, independently of each
other. One of the two species is set to perform one
nearest-neighbor transition per time step, while the other
performs one transition after a certain number of steps,
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this number being directly a measure of the particle mo-
bility. In the extreme case, the second species does not
move at all, this case being referred to in this paper as the
mobile-immobile species reaction. The rest is similar to
the usual simulation techniques: Particles are distributed
initially at random on a lattice of size L =10000 or
100000 sites, with initial particle density py=p =pp.
The A particles react with B upon encounter, i.e., if they
occupy the same site on the lattice at any moment. Upon
reaction, the two reacting particles are removed from the
system. Particles 4 do not react with other A’s, and
similarly for the B’s. Cyclic boundary conditions are
used at the edges of the lattice. We use the excluded
volume model, in which only one particle can occupy a
lattice site. We monitor the decay of the particle density
as a function of time and the reaction rate as a function
of density. We also calculate the nearest-neighbor dis-
tance distribution function for the 4 and B particles, and
compare them to the results of the normal case of two
mobile species. Finally, we calculate the distribution of
the gaps between particles, and also compare this to the
mobile-particle case.

III. RESULTS AND DISCUSSION

For the normal 4 +B —0 reaction on one-dimensional
lattices, the asymptotic (t— o) density decay behaves as
(1,2]

p~t V4,
where p is the density of the 4 or B species, and the den-
sitites are always equal. This well-known result is shown
in Fig. 1 (top curve), where we plot 1/p—1/p, as a func-
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FIG. 1. The plot of 1/p—1/p, vs time in log-log form, for the
one-dimensional 4 + B reaction showing the difference between
the cases when some species have different mobility. Calcula-
tions were performed on lattices of size 100000 sites, and the
data shown are averages of 25 realizations. The initial concen-
tration po=0.4. Top curve: both species mobile; bottom curve:
one mobile, one immobile; middle curve (dotted line): one
species mobile, and the second species with half the mobility of
the first.
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tion of time. Here p, is the initial density at t =0, and it
is pg=0.4 for 4 and B. The slope f of about 1 is im-
mediately recovered from this log-log plot. The detailed
analysis of this data was recently reported [23]. In the
same figure, we also show the data for the case where one
of the species is immobile (lower curve), giving the same
slope f of about +. We observe that, in absolute values,
in the mobile-immobile case the particles react at half the
rate of the normal mobile-mobile case. However, the rate
law has the same exponent. All this is in agreement with
very recent previous work [7].

In addition, the dotted line represents the in-between
case, in which one of the reacting species has half the mo-
bility of the first. This is attained by simply letting this
species perform one jump only after two time steps (in-
stead of one jump per step). As expected the slope is the
same, again, and the only difference is in the absolute
number of reacting encounters. Also, the rate is inter-
mediate between the two extremes cases.

Figure 2 shows the reaction rate as a function of the
particle density. The rate is simply calculated from the
dp/dt differential at the different densities, which corre-
spond to different times in the course of the reaction. We
show the two extreme cases, that with both mobile
species and that with one mobile, one immobile species.
As in the previous figure, the slope of the lines are the
same, while the absolute values are different. For the
one-dimensional reaction rate, one expects

d
dt

Here a least-squares fit for the slope of the rate curve
gives x =4.910.1, which is close to the expected value
for the asymptotic limit x =1+1/f, f being the time ex-
ponent given in Fig. 1, i.e., f=1, giving x =5. Reactions
with species having partial mobilities are expected to fall
in between, as shown in Fig. 1, but with the same slope.
This high value for x (the reaction order) is not surprising
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FIG. 2. The plot of the reaction rate vs the reactant density

for the same reaction and the same data as in Fig. 1, i.e., top
curve: mobile-mobile; bottom curve: mobile-immobile.
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[11] for the one-dimensional reaction, as it manifests the
spatial correlations that are being built in the course of
the reaction (as opposed to x =2 for the case of randomly
distributed reactants). The same least-squares fit also
produces the intercept, which in this case yields the k&
values, the rate constants. The results are
log;ok =2.1+0.1 (mobile-mobile case) and log,ok =1.8
+0.1 (mobile-immobile case). Thus we get a ratio of
k(mobile-mobile)/k(mobile-immobile)=2.0. This is in ex-
cellent agreement with the factor of 2 ratio expected from
the particle mobilities for the two cases [18]. Also, for
the case where one species moves with only half the mo-
bility, the ratio k(mobile-mobile)/k(mobile—1mobile) is
close to V2, as expected in such situations [18].

In Fig. 3, we show the results of the nearest-neighbor
distance distributions (NNDD), [19-22] for the mobile-
immobile case, and also, for comparison purposes, the
data for the mobile-mobile case. Actually, in this plot
(and the subsequent Fig. 4) the distribution of the quanti-
ty (r —1)/({r)—1) is plotted. Here (r) is the average
nearest-neighbor distance of all particle pairs, and it is
used as a normalizing factor. The —1 term is used so
that the first x-axis value is at zero. Note that for a given
A particle, the A A NND ignores possible intervening B
particles, while the AB NND ignores possible interven-
ing A particles. We notice the crossover from a
decaying-type curve at ¢ =0 (Poisson type) to a skewed
Gaussian type [11,13] at # =1000 steps, as expected [20].
Furthermore, the AB (mobile-mobile) distribution is the
same as the Ab (mobile-immobile) one. However, the
A A distributions appear to be different, and there is a

FIG. 3. Nearest-neighbor distance distributions for the one-
dimensional A + B reaction. All curves are averages of 2000
runs performed on lattices of size L =10000 sites, for ¢ =1000
steps. Initial concentration pp=0.05. Dashed lines: mobile-
mobile; solid-lines: mobile-immobile. Notice that the 4 4-BB is
calculated from the contribution of both the 4-A4 and B-B pairs
(but not AB pairs). Dots indicate distribution before any reac-
tion has started at time ¢t =0. A captial letter signifies a mobile
species, a lowercase letter an immobile species. Each curve is
normalized separately.
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clear-cut difference between the BB and the bb distribu-
tions (note that the bb distribution is not random).

Figure 4 shows the distribution of the gaps for the
same reaction mechanism as the previous figures. For
the one-dimensional model that we have here, the “gap”
is simply defined as the distance between two closest par-
ticles. Therefore, the total number of “gaps” (with cyclic
boundary conditions) is equal to the number of particles.
This total number of gaps is made up of all the 4 4, BB,
and AB gaps. There are similarities and differences
compared to the NNDD. First, the AB (mobile-mobile)
and Ab (mobile-immobile) distributions are again the
same. Second, the bb (immobile-immobile) distribution
again differs from that of the 4 4 (mobile-mobile). The
A A distribution for the mobile-immobile reaction is
again quite similar to the A4 A distribution for the
mobile-mobile reaction (which is obviously the same, by
symmetry, as the mobile-mobile BB distribution). All of
the latter are quite close to the Poissonian distribution for
the gaps, in contrast to the NNDD. We note here that
while, for the 4 + 4 —0 reaction, the NNDD and gap
distributions give essentially the same result and informa-
tion, this is not true, in general, for 4 + B —0 reactions.
Here the macroscopic aggregation and segregation makes
the A A (or BB or bb) gap distributions chemically “ir-
relevant.” While the NNDD A4 A (or BB or bb) always
pertain to particles within the same aggregate (after
segregation), this is no longer true for the gap distribu-
tion, which includes contributions from A4-A4 “gaps” that
span a large B (or b) aggregate. This peculiarity is a re-
sult of the gap definition used in our simulations. Thus
the contributions from the very large gaps prevent the
“like-like” distributions from being ‘“‘squeezed” (due to
aggregation) and pushes them to become just about ran-
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FIG. 4. The normalized gap distribution for the one-
dimensional 4 + B reaction. Curves are averages of 5000 runs
on lattices of size L =10000 sites, for #=1000 steps, and initial
concentration p,=0.05. Same designations as in the previous
figure. The dotted line shows the distribution before the start of
the reaction at ¢ =0.
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dom (Poissonian) distributions, with little relevance to
the reaction kinetics and self-ordering.

IV. SUMMARY

We investigated the effects of varying mobilities on the
elementary reaction 4 +B—0 in one-dimensional lat-
tices. We derived directly the reaction order and the den-
sity decay as a function of time for a small but
comprehensive range of the particle mobilities. Our re-
sults show that the scaling law for the density decay
obeys the well-known Ovchinnikov-Zeldovich hypothesis
for the A +B reactions, irrespective of the particle
mobilities. Also, the rate coefficients are simply related
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to the particle mobilities. The nearest-neighbor and gap
distributions for these reactions confirm these findings, as
the distributions for the A-B distances (which determine
the rate [11, 19-21]) are practically identical in all cases,
showing that the segregation proceeds in a similar way,
regardless of the mobilities.

Note added in proof. A very relevant paper has just ap-
peared: S. Redner and F. Leyvaraz, Phys. Rev. A 46,
3132 (1992).
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