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An experimental demonstration is provided for memory-based, nonclassical reaction kinetics in a
homogeneous system with an elementary reaction, A + B — C. A new reaction-kinetics regime is ob-
served which is a direct consequence of speckles in the laser beam. However, in spite of the nonrandom,
speckled initial distribution of reactant B, the long-time regime gives the first experimental demonstration
of the asymptotic self-segregation (‘“Zeldovich”) effect. Monte Carlo simulation results are consistent

with the experiments.

PACS numbers: 82.40.—g, 05.40.—a

Pulse initiated reactions are of interest from astrophysics
to laser chemistry and from radiation detectors to photody-
namic cancer therapy. For the simplest case of an elemen-
tary, irreversible, diffusion-limited reaction, A + B — C,
the generally accepted scaling law is

(1/p = 1/po) ~ 1%, p = pa = ps,
where (1/p — 1/pg) will be referred to as the reaction
progress, and pg is the density at + = (. Classical text-
books, from chemistry to solid-state physics [1], give & =
1. Nonclassical kinetics [2] gives the asymptotic (f — )
relations

d =4,
d =4

for initially random distributions (the most widely studied
case), irrespective of initial p [3,4]. We note that the non-
classical effects we deal with result from the preservation
of a “memory” of the initial spatial reactant distribution,
which is not limited to any certain concentration range.
(Classical behavior requires thorough, continuous stirring,
i.e., rerandomization.) So far there has been no experi-
mental verification of these nonclassical results. Further-
more, we believe that all experimental verifications of the
classical result (@ = 1) involved stirred (i.e., constantly
rerandomized) systems [5]. However, most real-life ap-
plications, from surface catalysis to geochemistry to bio-
chemistry, do not allow stirring. Nevertheless, much of
the solid-state and surface science literature still uses the
classical formalism; e.g., exciton annihilation is assumed
to be proportional to the square of the exciton density, or
the rate of electron-hole recombination is assumed to be
linear in both electron and hole densities [1]. We thus felt
the need for some controlled experiments (where there is
no convection or stirring) aimed at observing nonclassical
behavior in an elementary A + B reaction.

While much theoretical work has been done on the
initially random and geminate [6] reaction systems, only
recently has consideration been given to other initially
correlated systems. The theoretical work by Lindenberg
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and co-workers [7,8] showed the dramatic effects of
varying ¢+ = 0 spatial correlations in the A + B— 0
system, resulting in a hierarchy of reaction prog-
ress time regimes, each with a different scaling law. For
example, in the case of a fractal initial distribution [8],
where the particles are landed on a one-dimensional lattice
in a fractal pattern, a very slow reaction rate is observed
due to the overabundance of long wavelength components
in the spatial fluctuations of the reactant distribution
(compared to the flat distribution of a random system).

To our knowledge, there are no previous experimental
studies on nongeminate initially correlated systems. In the
work described in this Letter a hierarchy of kinetic behav-
iors has indeed been observed for a simple, elementary,
binary reaction. The t = 0 spatial correlation utilized in
the present work is similar in spirit, though very differ-
ent in detail, from those described above [7,8]. Here reac-
tant A is randomly distributed (standard chemical solution),
while the initial distribution of reactant B (photochemi-
cally released from a “cage” molecule) is determined by
laser speckles [see Fig. 1(a)]. The reaction A + B — C
is studied by time resolved fluorescence (from the product
C). Specifically, A is a low fluorescence dye (“Calcium
Green-1"™), B is Ca’*, and C is the highly fluorescent
AB adduct.

(d)

FIG. 1. (a) Experimental CCD image (65 X 65 um region)
showing the UV intensity distribution on a section of the delivery
fiber face (pattern highly reproducible from flash to flash). (b)
Matlab generated speckle intensity pattern (size is shown for
comparison with the experimental image).
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Each experimental run is initiated with a speckled pulse
of UV light generated by frequency tripling a ~10 ns pulse
from a Nd:YAG laser to 354 nm. This beam then passes
through a UV filter (Schott UG-1) followed by neutral den-
sity filters for fine power control. Fused silica fiber with a
500 pwm core diameter is used for delivery of the light to
the sample atop an Olympus IX-70 inverted fluorescence
microscope [9]. A 100 W mercury arc lamp and filters
are used for fluorescence excitation in an epi-illumination
geometry, and the signal is delivered to a Hamamatsu
photomultiplier tube with variable high voltage supply. Af-
ter current to voltage conversion the signal is recorded by
a digital oscilloscope—data acquisition being triggered by
a Q-switch output pulse from the laser.

Samples are held in 10 to 100 wm inside diameter fused
silica capillaries (Polymicro Technologies). Details of
the illumination geometry are shown in Fig. 2 [10]. The
sample region pulsed is about twice as wide as the segment
monitored for the kinetics so as to avoid effects of diffusion
in and out of the UV pulsed section. We would not expect
surface charges to have a large effect on our results, be-
cause at 10 mM ionic strength (characteristic of our aque-
ous environment) the surface charges will be shielded to
about 2% by =10 nm from the wall [11], which is 0.02%
of the capillary diameter in most cases. A single laser pulse
triggers data acquisition and initiates the reaction. To in-
clude the equal A and B population point, the UV pulse
energies were varied within each series of experiments us-
ing the neutral density filters.

DM-Nitrophen (DMN) [12] was chosen as the cage
molecule because it combines very strong binding (rela-
tive to the calcium dyes) with a good product of extinction
coefficient and quantum efficiency for uncaging. Calcium
Green-1™ (CG1), from Molecular Probes, was chosen as
the reporter reactant for most experiments. Its calcium
adduct has reasonably strong calcium binding, visible light
excitation (so that the fluorescence monitoring does not
uncage calcium), and a good ratio of bound to unbound
fluorescence intensity [13].

The choice of chemical environment was tailored to
kinetics work rather than the more standard physiological
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FIG. 2. Capillary sample chamber (side-on) with optical fiber
UV pulse delivery. Total internal reflection and close index
matching reduce stray light into the microscope objective and
subsequent detection system.

conditions used with these compounds for biochemical
sensing. The parent compounds (BAPTA [14] for CG1
and EDTA for DMN) exhibit environmentally sensitive
binding [15]. DMN has a strong increase in calcium bind-
ing strength through the basic pH range, while lowered
ionic strength increases CG1 binding more significantly
than DMN. A Tris-HCI (8.3 mM) -KCI (2 mM) buffer,
with pH 8.5 and ionic strength of 11 mM, was prepared
and titrations were conducted to both confirm the general
effects of changing ionic strength and pH and to set the
initial calcium levels (neither chemical is supplied bound
to calcium). Some sort of “reversible photobleaching”
of the dye was observed with each UV pulse [16]. It
was found that p-phenylene diamine [17] was the only
compound, out of many tested, which eliminated the
effect.

Linearly spaced voltage (intensity) data were smoothed
with the same routine as used in Ref. [18]. The algebraic
increase in bin size with time results in evenly spaced data
points in time on a log-log plot without “throwing out”
any data. The fluorescence of the bound and unbound
forms of the dye differ by a constant multiplicative fac-
tor, which depends on the specific experimental condi-
tions, so the standard sensor dye relationship was used:
[Frax — F(2)] = const X A(t), where Fi is the fluores-
cence intensity that would be achieved if all the dye were
bound with calcium within a given region, and A(¢) is the
time dependent reactant density. Photobleaching and local
concentration fluctuations make F,,, difficult to measure
with great certainty, so this becomes the largest contribu-
tor to errors in the calculation of the reaction progress,
(1/pa — 1/pao).

Figure 3 shows two typical series of reaction progress vs
time measurements with various UV uncaging pulse pow-
ers, in two different viscosity environments. Experiments
conducted in a standard, aqueous buffer solution, com-
pared to a solution with 50% wt:wt glycerol, are shown to
exhibit identical behaviors but with the rate features shifted
in time by a factor of 6, which is close to the viscosity ratio.
This verifies the contribution of the diffusion limitation to
the product formation rate features. In both sets of curves,
the last few data points show the slowing of fluorescent
product formation as the binding of calcium ions shifts
from the dye back to unphotolyzed cage molecules, and
early time behavior in the reactions is masked somewhat by
a spike in the signal due to detected residual uncaging light
(which falls to background levels by 20—-70 us, depend-
ing on pulse power). The fluorescence shows a variable
time structure: an early, fast rate of product formation, fol-
lowed by a slowing of the rate, then by another rise in rate.
The values of these slopes vary with reactant stoichiom-
etry, but if we focus on the center data set, we see that
the mid-time, slower region has a slope around % (much
slower than any previously established rate), and the later-
time, fast region has a slope of about % (which matches the
predicted asymptotic behavior of the “Zeldovich,” three-
dimensional, A + B — C case).
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Neither in the classical case nor in the usual random
A + B diffusion limited nonclassical case are so many dif-
ferent behavior regimes expected. Both of these theories
predict a faster, monotonic product increase, lacking this
mid-time, extremely slow rate region. No adjustment of
initial densities or additional model complexity, as in re-
versibility and competition between cage and dye (through
simulations), could account for the fast-slow-fast rate be-
havior seen in the experimental results. Control experi-
ments have been conducted with a nonspeckled uncaging
pulse source: a xenon flash lamp. Replacing the laser pulse
with that of a flash lamp (no speckles) removed the mid-
time anomalous rate regime.

We tested a very simple model of speckled illumina-
tion in computer simulations to see if such a speckled
initial distribution is sufficient to explain the experimental
anomalies. Indeed, the introduction of these types of cor-
relations in the initial spatial distribution led to very simi-
lar results between the simulations and experiments. The
A + B — C reaction was tested with an initially random
A spatial distribution and a speckled B distribution. Monte
Carlo methods were used to simulate the A + B — C
anomalous reaction kinetics in one and two dimensions,
modeling the reaction and diffusion in the usual way [19].
In brief, particles were landed on the lattice with no ex-
cluded volume conditions, the A’s randomly, and the B’s
randomly within speckled probability maps which had a
value on each lattice site, simulating a local UV pulse in-
tensity in the experimental setup. All members of each
particle type were moved once within each time step (us-
ing cyclic boundary conditions), followed by a check for
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FIG. 3. Experimental reaction progress of calcium-dye reac-
tion in 50% wt:wt buffer-glycerol solution (solid circles) and
in buffer without glycerol (bars). UV pulse energy varies by
about a factor of 3 (ND 0.5) between curves in each set (low
to high energy from bottom to top). The solid lines are pre-
sented as a guide to the eye, the first having a power law
slope of é, and the second having a power law slope of %
(equal to the three-dimensional Zeldovich asymptotic rate for
the A + B — C, equal density, annihilation reaction).
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occupation of the new sites by particles of the other type
and product formation (C). One of our approaches to
simulated speckle generation is similar to that of Fujii
et al. [20], using a slightly smoothed, Gaussian random
rough surface to vary the phase of a coherent plane wave,
after which the resultant speckled intensity pattern is cal-
culated some distance from the surface. Figure 1(b) shows
one such simulated speckle pattern.

Figure 4 shows some speckled simulation results. The
similarity to the experimental results in Fig. 3 is obvious,
as well as the contrast with the standard, initially ran-
dom case (labeled solid lines). Both one- (inset) and two-
dimensional results are presented with two speckle sizes
and equal initial A and B populations, while the 2D case
includes illustrations of B:A initial density ratios of 1.5:1,
1:1, and 1:1.5 (simulating the use of varying UV uncaging
powers in the experiments).

In the simulated speckled case, we also observe that dur-
ing the second rise in reaction rate both the 1D and 2D
curves approach the /4 power law slope characteristic of
the initially random A + B — 0 (Zeldovich) case [3.,4]. In
the initially random case, the crossover to this dimension-
dependent behavior happens at a characteristic ratio of the
density to the initial density [21]. In this speckled case,
however, the crossover time (z.) seems to be dependent on
the speckle size, proceeding as the Einstein diffusion law
scaling of 7. ~ (x?). In the two-dimensional case we see
the crossover to the dimension-dependent regime at a den-
sity of about ps/pao = (0.15/0.4) = 0.375, much earlier
than the ratio of 0.03 reported for the initially random case
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FIG. 4. One- (inset) and two-dimensional simulation results
(10 run averages) for the reaction progress using Matlab gener-
ated speckled initial B conditions. Open symbols are for average
size 64 speckles, and filled symbols correspond to average size
128 speckles. Initially random cases (solid lines) are shown for
contrasting behavior, and for reference to the %> and t*?° power
law slopes. B/A ratios of 1.5:1, 1:1, and 1:1.5 are included in 2D
(simulating UV pulse energy variation) and the box is a guide
(in time and in reaction progress range) for comparison with the
experimental results in Fig. 3.
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[21]. The presegregation which is built into the speckled
initial conditions seems to bring on the fully segregated
Zeldovich behavior much earlier.

Further specific insight is provided by spatial analyses
conducted on the speckled initial condition simulations.
The initial, fast regime is seen to stem from spatial fluc-
tuations inherent in the random distribution of reactants,
combined with the locally high and low extremes in B
concentration formed by the speckled intensity. This leads
to a quasiclassical rate which persists until the characteris-
tic length scale of the particle distribution reaches that of
the speckles themselves. During the mid-time, extremely
slow rate regime, it is the progress through spatial scales
characteristic of the speckles which governs the reaction
progress temporal scaling. The speckles create an over-
abundance of long-wavelength components in the spatial
fluctuations of the reactant distribution (compared to a flat,
random distribution), causing a reaction progress slow-
down similar to the case of a fractal distribution [8], but of
finite duration. Once the size scale of the reactant segre-
gation proceeds beyond the limits inherent in the speckles,
the rate again increases. Since the speckles do not have
any long wavelength contribution beyond these scales, this
last regime has the characteristic Zeldovich behavior of an
initially random distribution reaction, where at late times
the reactants are segregated and these segregated spatial
regions keep growing through a flat fluctuation spectrum
landscape.

Summarizing, we have successfully demonstrated a
model experimental system for the nonstirred elementary
A + B — C reaction, along with the effects of a laser
speckled initial reactant distribution. In fact, what seemed
to be an anomalous rate behavior when compared to
the well studied initially random case is a result of the
strong dependence of the reaction behavior on its memory
of the correlated initial reactant distribution. Thus, a
simple speckle model accounts well for the observed
anomaly. Our results also seem to exhibit, for the first
time, an experimental realization of the nonclassical
Zeldovich asymptotic rate behavior. These experiments
highlight the necessity of taking modern nonequilibrium
reaction kinetics theory seriously, as even in this case of a
somewhat reversible reaction, the effects of initial reactant
distribution and lack of mixing are dramatic.
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