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Nonclassical kinetics of an elementanA+B— C reaction-diffusion system showing effects
of a speckled initial reactant distribution and eventual self-segregation: Experiments
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We demonstrate here the implementation of an experimental system suitable for the study of the diffusion
limited A+B—0, nonclassical reaction behavior. Using a combination of a fluorescent calcium indicator and
a calcium ion which is initially “caged,” a pulse of near-UV light initiates the reaction which is followed as
product formation vs time. Sensitive dependence on the initial reactant distribution is observed through pat-
terns in the uncaging UV light profile. In one case, the reaction progress passes through two nonclassical time
regimes, one due to roughness originating from laser speckles, followed by one consistent with the three-
dimensional Zeldovich rate of (34— 1/pao) ~t¥4 with features matching Monte Carlo simulations on this
initial distribution. This behavior is contrasted with reactions initiated by a homogenous source which induces
random initial reactant distributions, though both systems seem to approach the asymptotic limit of self-
segregation of reactants.
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[. INTRODUCTION Before this work, there has been no experimental verifi-
cation of these nonclassical results. Furthermore, we believe
For the simplest case of an elementary, irreversiblethat all experimental verifications of the classical result (
diffusion-limited reactionA+B—C, the generally accepted =1) involved stirredi.e., constantly rerandomizgdystems
scaling law is [8]. However, most real-life applications, from catalysis to
geochemistry to biochemistry, do not allow stirring. For in-
(p=1lpo)~1t%, p=pa=prs, (1) stance, 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 den-
sity, or the rate of electron-hole recombination is assumed to
be linear in both electron and hole densitfiés We thus felt
the need for some controlled experimetisere there is no
convection or stirring aimed at observing nonclassical be-

where (1p—1/py) will be referred to as thereaction
progress and p, is the reactant density for both reactants
(pa=pp) at t=0. Classical textbooks, from chemistry to
solid-state physic$l], give a=1. Nonclassical kinetic§2]
gives the asymptotic {t0) relations

a=d/4, d<4 ) havior in an elementani+ B reaction.
Besides our earlier reporf8,10], there have been no pre-
a=1, d=4, 3) vious experimental studies on nongeminate initially corre-

lated systems. In the work described here, a hierarchy of

for initially random distributions(the most widely studied Kkinetic behaviors has indeed been observed for a simple,
case, irrespective of initiap [3,4]. We note that the nonclas- €elementary, binary reaction, and two sets of initial conditions
sical effects we deal with result from the preservation of aare tested with contrasting kinetics.
“memory” of the initial spatial reactant distribution, which Although analytic and simulation work on these systems
isn’t limited to any certain concentration rang€lassical has been extensive, many practical barriers have contributed
behavior requires thorough continuous stirring, i.e., reranto the lack of experimental study. As in many areas of re-
domization) search, the challenge is not in finding a system in which the
While much theoretical work has been done on the ini-behaviors occur, but in finding a system which is sufficiently
tially random and geminatgs] reaction systems, only re- “clean” (i.e., one in which the behaviors under study are not
cently has consideration been given to other initially corre-masked by other complicating process€ghe mainA+B
lated systems. The theoretical work by Lindenberg and co-—~C case which has been experimentally studied is that of
workers[6,7] showed the dramatic effects of varying0 initially separated reactanf41-13, and this has been quite
spatial correlations in thé&+B—0 system, resulting in a fruitful in terms of the theoretical-experimental feedback
hierarchy ofreaction progressime regimes, each with a dif- loop. Other cases of initially more mixed reactants run into
ferent scaling law. For example, in the case of a fractal initialvarious difficulties. If the reaction is really diffusion limited,
distribution [7], where the particles are landed on a one-it will proceed very quickly at reasonablée., detectable
dimensional lattice in a fractal pattern, a very slow reactionreactant concentrations, so it becomes difficult to mix the
rate is observed due to the overabundance of long wavesomponents to a known distribution, stop the mixing, and
length components in the spatial fluctuations of the reactarthen begin monitoring the progress before everything is al-
distribution (compared to the flat distribution of a random ready over. This situation also makes it difficult to attach a
systen). well defined “time zero” for the reaction since the mixing
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— {\ Near-Uv each stage of the sample preparation and experimental reac-
Caloium y uncaging pulse tion. An understanding of these steps is helpful both in inter-
(DM-Nitrophen) pretation of later results, as well as in appreciation of experi-
. mental requirements for the work. Schematic sta@es(f)
_ T of the levels of dye, cage, and calcium are shown on the left,
ca"'g‘"‘ {Ca) with a corresponding fluorescence intengityock-up graph
ye . :
(Calcium Green-1) shown on the right(a) Shows the three chemical levels once
o % the stock dye and cage molecules are combined in buffer,
TGS o M plus contaminating levels of calcium. (h), extra calcium is
product added for the experiment. The stronger cage molecule binds
) ) ) most of the calcium ions, but its finite binding allows some
FIG. 1. (Color onling Schematic cartoon of the experimental o5qi\;m to bind to the dye initially. Then, ift), the near-UV
c_hemlcal scheme used for monitoring the kinetics and initial Cond"pulse photolyzes some percentage of the cage, both bound
tion memory for theA+B— C system. . . .
and unbound versions, allowing some of the calcium to be
itself takes time. A natural alternative would be to find aILZ?dintcihdel?(l:J)Sreeair;i ?)I??h? t?ae frl]ug:ssotl:aetr;t fjsyei(I?Zs'(’l\clj?Jtr?n
reaction in which some controlled, fast perturbation can dis- 9 grap P 9

sociate a product into its component reactants. In this way iT[he UV pulse) This dye binding reaction leads to a maxi-
mum value for the dye fluorescence (@), followed by a

would be possible to have a well defined initiation time after o ; SR i
which the reaction progress could be monitored. This effecféequilibration of the system if), where calcium ions shift

has been observed and studied extensiyef], but it is a  OVer to any unphotolyzed cage moleculgiven their higher
very specific initial condition called “geminate recombina- binding strength over the dyecausing the fluorescence lev-
tion,” in which the dissociation process induces a correlatior€!s to decrease a bit.

between reactant pairs which strongly affects the outcome. The firstinitial condition case described here is created by
The initial separation in the geminate case is usually sdluminating the sample chamber with “speckled” laser light
small, in fact, that this type of reaction is used to study thedelivered by an optical fiber. The second case is created by a
reaction half of the reaction-diffusion process, as diffusionflash lamp(noncoherent sourgavhich delivers homogenous
becomes a negligible effect. illumination over the sample.

To circumvent these difficulties, we have used a scheme Laser speckle is formed whenever highly coherent light
in which only one reactant is released by the perturbationinteracts with a rough surfag¢é5]. If this roughness is fairly
thus allowing a well defined start time without creating pairrandom and microscopic, but on a scale long compared to the
correlations. Specifically, as seen in Fig. 1, duparticles  wavelength of the light, then the transmitted or reflected light
are calcium sensitive fluorophores, while tAeparticles are is randomly shifted in phase on a very small spatial scale.
calcium ions which are initially bound to a cage molecule.This propagating light then interferes with itself, forming the
On illumination by a pulse of near-UV light, the cage is well studied phenomena of laser speckle. While first seen as
photolyzed and the calcium becomes free to diffuse with thgust an interesting annoyance to experimentalists, laser
dye in solution until complexation occurs. Upon binding of aspeckle is now being used in many fields. For example, over
calcium ion, the dye’s efficiency of fluorescence increaseshe past three decades, the techniques of speckle metrology
dramatically, allowing monitoring of the reaction progresshave been developed to the point that the statistics of laser
through high signal-to-noise visible wavelength fluorescencapeckle are an important tool in the measurement of object
detection of product formation. With this system, then, Ahe shape, deformation, and material strfl®]. In our applica-
particles have a random initial distribution, while tBepar-  tion, this patterned and statistically well defined light is used
ticle distribution is defined and controlled by the UV pulseto set the spatial distribution of one reactant type, which is
sample illumination. shown to strongly affect the resultant reaction progress.

Figure 2 explains in more detail the chemical processes a&khree different stages are seen to occur in the reaction,
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FIG. 2. (Color onling Chemical elements and levels during & B— C kinetics experiment. Stagés)—(f) depicted schematically on
the left are graphed on the right in preparation for later data presentation.
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|_ J FIG. 4. (Color onling Flash-lamp condenser optics for efficient
PC delivery of nonspeckled, near-UV light to the capillary sample
—— J h chambers.

_ FIG. 3. Experimental equipment setup. UV puldd964 nm 6 gpackle pattern for thed' landing.” The fiber coupling is

light tripled to 354 nm are delivered to the sample capillary atop accomplished wit a 2 in. focal length G1 quartz lerfEsco

the microscope stage using a fused silica multimode optical ﬁberProduct$ set to focus the light a millimeter or two before

Fluorescence excited by the mercury lafiMT detection is re- the end 6f the fiber. Adjustments are made so that the spot

corded using a digital oscilloscope and downloaded to a PC fo[c,ize matches the fiber face diameter, thus assuring a balance

lysis. . . . T -

analysis between maximal light coupling and minimal fiber damage

II_rom the UV light pulse. Fused silica fibéPolymicro Tech-

nologies with a 500um core diameter then runs to the

In the following sections we will present the results of the sample ;tage atop an Olympus I.X70 inverted optical fluores-
cence microscopEL8]. A mechanicalXY Z translator bolted

two different reaction initial conditions, contrasting themt the st X dt ition the fiber at th le ch
with each other and with the classical case, showing a strikct—)0 € slage IS used 1o position the Tibér at the sample cham-

ing dependence of the reaction progress on the initial read2€” While microscope stagéy translation can be used for

tant distribution. Many of the ingredients for these experi—_s'ampk.a alignmen't with the detector. Fluorescence moniForing
carried out using a 100 W mercury arc lamp and filters

ment are familiar, but eventual success depended so strongl . . T
on detailed considerations for the equipment setup an lympus narrow blue cuben an epi-illumination geom-
chemical system that perhaps more space will be devoted - The quorescer)ce signal is dehyered toa ph(_)tomu[tlpl|er
the Methodssection than is standard, but it is believed to betu.be(PMT) at the side port of the microscope, with variable
necessary. high voltage(HV) supplied by a_Bertan. model 205A—03R.
After current to voltage conversioftransimpedance ampli-
fier), the signal is digitized and stored by a Tektronix TDS
420 oscilloscope—data acquisition being triggered either by

The modelA+B—0 (or C) experimental system consists & Q-Switch output pulse from the laser, or by the voltage
of a calcium sensitive fluorophore combining with a calcium{rigger signal for the flash lamp. Either Tektronix TEKDIG
ion to produce a more highly fluorescent form of the dyeSOftware, or custom coded software is then used for GPIB
molecule. Samples are produced by combining, in buffere@cquisition to a PQDFI Pentium 166 for processing and
aqueous solution, the dye, calcium ions, and a calcium cag@nalysis. o
molecule, which upon photolysis with near-UV light, re- For. nonspeckled irradiation of the sample chambers for
leases its bound ion into solution making it available foruncaging, a Hamamatsu model L7684 60 W xenon flash
binding with the dye(see Figs. 1 and)2Neither the dye nor |amp was used with optional external /47 capacitor and
the cage is complexed with calcium ions as supplied by théhodel C6096 1000 V power supply. This unit is capable of
manufacturers. The rise in fluorescence from the dye, mon@enerating 2 J/flash over the whole xenon spectrum, but re-
tored in the visible range, vs time, is then an indication ofduires a very efficient condenser to deliver enough near-Uv

product formation, and thus, reaction progress. light to uncage proper amounts of calcium in the sample
chamber for the kinetics experiments. The effecfimamber

of this condenser and the amount of aberration induced by
the available, short focal-length quartz lenses are the main
Figure 3 shows a schematic overview of the experimentalimiting factors in the flash-lamp initiated reactant produc-
equipment setup. A pulse of UV light is generated by fre-tion. Figure 4 shows a schematic diagram of the flash-lamp
quency tripling a~10 ns pulse of 1064 nm light from a condenser built for this application.
Nd:YAG laser to 354 nm. This beam then passes through a Samples are held in various sizes of quartz and fused
Schott UG-1 filter to further isolate the UV component, fol- silica capillaries. This confinement not only avoids fluid con-
lowed by optional neutral density filters for more fine powervection, but also keeps the sample solution from moving
control. Optical fiber transmission of this UV pulse is usedwhen hit with the UV pulse. The sample materials are chosen
not only for flexible and compact delivery of the light to the to minimize fluorescence and phosphorescence under the UV
sample, but also to clean up the beam profile and to generaitumination. Fused silica capillaries of 10-1@0m I.D.

which can be traced to the interesting spatial structure inhe
ent in the speckled illumination.

IIl. METHODS

A. Experimental equipment
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Seme _ tions down into the detection systdr9].
- For flash-lamp initiated uncaging, direct illumination of

UV Light: ° the sample chambers was utilized because more light could
Total Internal j\/""a“’" be delivered with this metho@lue to insufficient coupling of

Reflection 7 . . . . .

——a Xe lamp light into the optical fibér The move from fiber
uariz . . .

Coverslips delivery to direct, focused light forced us to abandon the TIR
| capilary ) sample holder in the flash lamp runs due to more extreme
40x air / 0.75 N.A. . . . . .
Objective angles of incidence with the focused light, as well as issues
fiber with the beam traveling through the air-water interface. Also,
':g;;ggzg°i/. 75 um 1.D. capillaries were used for the sample chambers in

L the homogeneous illuminatiortfflash-lamp experiments,

Uy pulse where the spot of near-UV light delivered to the sample was
T larger than in the laser case.

FIG. 5. (Color onling Small capillary sample chambéside on, With the precautions detailed above, the initial spike in
upper righi with optical fiber UV pulse delivery. Total internal the detected kinetics data was still problematic when using
reflection(TIR) and close index matching reduce stray light into thethe flash-lamp initiation(due to the longer pulse—10s vs
microscope objective and later detection system. Lower left: A10 ng. This limited the useable flash-lamp data to readings
larger area is always flashed with the near-UV pulse than is used fa§tarting after about 1@s.

monitoring the fluorescence of reaction product production. The UV illumination pattern at the end of the delivery

btained f Polvmicro Technologi ith Vi fiber was imaged in two different ways. First, as a rough
Were obtained from Folymicro Technologies, with a polyim- .pqc) - of pattern consistency between pulses, a piece of
ide protective coating. This coating was removed in fuming

“smooth, white thermal paper was placed a few millimeters

sulfuric acid, and the tubes were ”T‘F’””ted with heat glue "Nrom the end of the fiber. Each laser pulse produced a burnt
the ends of syringe needles to facilitate sample loading an pot on the paper, within which patterns could not be distin-

;:apélla}[ry r|nS|_ngt._A Setaa‘rgs mtl)c_:roico(fect)rr_\ The or][e lfsed guished with the naked eye, but under magnification each
'I(I)r a a_gcqum ('johw' . holéec V€, S alnde?s st;ae €ap- snot could be compared to check the consistency of the illu-
fllary guides, and a syringe nolder, was used 1o 0DSEerve anfhination pattern from pulse to pulse. At least 95% of the

verify sample loading. spots produced were consistent between each firing pattern

h I\éVe founq t.r:f‘t e¥enIW|th qua}rtzdantdt;ussd §|I|ga sa:cmpl ecorded. Imaging with a more linear response device was
olders a significant puise remained at tn€ beginning of €acha formeqd with a Princeton Instruments charge-coupled de-

data set, probably due to phosphorescence and fluoresce e (CCD) camera, by placing an American Optical 43

from the fiber, as well as UV light which is not filtered com- N.A. 0.66 microscope objective between the fiber end and

pletely beforg the de_tector. DeIive'ry' Of the l..JV“puIse at,go,?the camera. Single pulses could then be recorded and stored
to the detection optics helped minimize this “data spike 8” disk for analysis

artifact signal, but when small diameter capillaries were use
for the sample chamber, a considerable amount of light was
reflected off the lower portion of the capillary, down into the
microscope optics and detector. So, for small diameter cham- The procedure for data collection included a preliminary
bers, we implemented a sample holder which uses total incheck of rough uncaging behavior, including a coarse adjust-
ternal reflection TIR) and closer index matching to steer the ment of UV pulse energy, followed by the acquisition of
unwanted light away from detection. Figure 5 shows amore detailed kinetic data. Pulse energies varied between
side-on schematic of this sample geometry. One millimeteR0 nJ/pulse and 100@.J/pulse, with the most used range at
guartz spacergnot shown, but parallel to page plangere  the lower end, centering on about 190/pulse. Flash-lamp
placed a few millimeters apart and sandwiched between twpulse energies were about half the laser values, and the fo-
quartz coverslipgEsco Products—the top coverslip having cused spot was about twice as large, causing the energy den-
been cut down in sizecreating a small rectangular tube on sity for uncaging to be about one-fourth the laser-pulse lev-
top of the larger coverslip, open on both ends. Along one enels. In all experiments, the capillary region exposed to the
was placed the 5@m I.D. capillary sample chambéstick- UV pulse was about twice as long as the segment monitored
ing out of the page plane in the diagramith the UV deliv-  for the kinetics(fluorescence—see Fig. 5, lower lefso that

ery fiber brought in at a shallow angle from the other side ofany components diffusing in and out of the monitored region
the capillary. As long as this angle, plus the half angle of thehad been exposed to the UV uncaging pulse. With the inter-
exit light from the fiber(taking into account that the fiber end nal oscillator of the Nd:YAG laser set at 5 Hz, an initial

is submerged im=1.33 watey is less than the cutoff angle check of the uncaging behavior was ma@Ene number of

for TIR at the quartz/air interface, most of the impinging pulses required to saturate the dye fluorescence is an indica-
light will be not only directed past the objective lens, buttion of the percentage of cage photolyzed with each pulse—
also past the rest of the face of the objectiteeavoid burn- see Fig. 6 for an example of this behavjorhis procedure

ing the surface with the UV pulsgsThe rest of the advan- also allowed the PMT high-voltage supply to be set so the
tage was achieved because of the closer index match of wataitial and final signals fell within the vertical oscilloscope

to the capillary fused silicéover aip, resulted in less reflec- range(0—800 mV used consistenjlyAlthough this prelimi-

Fused Silica
Capillary\

] Optical
Fiber

B. Data acquisition
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08 . ' u ' . - . ' phore would have identical diffusion coefficients, although
P soud ares——— this tends not to be that importaf0].) Calcium ion cages
and fluorescent reporters were chosen in this case because
they fit closely with this ideal model. In reality, though, the
best calcium sensors are characterized by an increase in fluo-
0.4 . rescence upon calcium binding, rather than a decrease, so the
real experiment follows product concentrations instead of the
more ideal(for theoretical referengeeactant concentrations.
037 T Also, all of the bindings are somewhat reversible, so we
work with initial and final equilibria rather than the clean,
02 Neutral Density | | irreversible, theoretical case. DM-Nitrophen™ was chosen
_12 for its characteristic combination of stronger binding than the
- gE | calcium dyes, and a good product of extinction coefficient
014 — 1 and quantum efficiency for uncagii@1—-25. Nitrophenyl
H ' ; ' > ' 3 ' 1 EGTA (NP-EGTA was also tried, but it's weaker binding
Time (&) makg it Iess us_eful fOl‘.thIS application, and the control_led
conditions in this experiment do not require NP-EGTA's in-
FIG. 6. (Color online Typical multipulse uncaging behavior of creased specificity for calcium over magnesium, which fa-
DM-Nitrophen™ as monitored with Calcium GreeA¥. (CG1.  Vvors it for biological applications[22,26—-28. Calcium
Curves are offset in time for ease in viewing. As UV intensity is Green-T™ (CG1), from Molecular Probes, was chosen as
increasedless neutral density—curves to the Jefewer pulses are the reporter for most experiments. It has bright fluorescence,
required to saturate the dye response, but photobleaching with eaggasonably strong calcium binding, visible light excitation
pulse is also increased. The two lowest power traces also show (&0 that the fluorescence monitoring doesn't uncage calcium
signal decrease between pulses, characteristic of the fact that cofdy itself), and a good ratio of calcium bound to unbound dye
petitive binding of calcium ions between the dye and any unphotofluorescence intensit}29,30. (A ratiometric dye would be
lyzed cage molecules favors the cagee Fig. 2 more ideal, in principle, so that effects such as photobleach-
ing would not affect the resulisFluo-3 is another calcium
nary data was not always used for later analysis, it was savesknsitive fluorophore with visible excitation and other similar
to allow comparisons between different sample preparationgroperties to CG1, which should make a fine alternative.
It also revealed the various effects of photobleaching whictCalcium Green-2" was used for some initial tests because
are mentioned in more detail below. Once rough setting®f its larger fluorescence increase upon calcium binding, but
were fixed, and qualitative behavior of the chemicals wasts weaker binding wasn't as ideal here. Calcium OrdMge
verified, the time scale was changed to 20€/division and ~ also worked fine, but has a smaller fluorescence change with
the laser switched to single-shot, remote control modebinding. _ ) ) _
where a single laser pulse initiated the reaction and triggered The choice of chemical environment was tailored to ki-
data acquisition. Between each data set, the capillary wdetics work rather than the more standard physiological con-

moved a few millimeters through its guides to a previouslyditions used for chemical sensing and intracellular studies.
unilluminated segment of the sample chamber Almost all published values for binding and kinetic con-

The kinetic situation most studied in theory and simula-Stants, and any preprepared calibration buffers, are for con-

. ) — , ditions around neutral pH with an ionic strength around
tions is that of equal initiaA and B populations. Therefore, 100 MM [22,23,29-37. The parent compounds of these

in principle, it would be preferable to identify and reach thechemicals though, BAPTA38] for CG1, and EGTA and
flne_ balance (.)f wv Intensity required for exact calcium UN"EDTA for t’he caIcilJm cagef39], exhibit cirastic changes in
caging matching the solution dye concentration for each €Xgeir pinding properties with  solution environment
periment. A more practical approach was necessary in pragss 40,41, Independent tailoring of these binding strengths
tice. The initial coarse adjustment was made to the near-UYg possible to some extent since calcium ion binding to
pulse energy as described above, then a range spanning t8apTA has little pH dependence above pH 7, while EGTA
approximately equal population uncaging point was usedtill has a strong increase in calcium binding through the
during each experiment. For the laser initiated reactions, inpasic range. lonic strength of the buffers, on the other hand,
tensities were adjusted with neutral densifyD) filters,  affects BAPTA binding more strongly than EGTA. For this
spanning about ND one, in increments of 0.1-0.3. For thepplication, then, it was necessary to raise pH and lower
flash-lamp experiments, pulse energy was adjusted using thienic strength to decrease the dissociation constants of both
variable high-voltage supply in 250 V increments to the 1000compounds. In order to test and model the multiple equilib-
V maximum. ria, we used the freeware PC buffer calculation progVsim-
MaxC.exe and it's associated Windows tod@liders.exe
These programs also allow us to calculate how many pulses
] ) . (it will take to saturate the dye response during experiments
The ideal chemical Components for Studylng an eXperl'(as shown in F|g Bwhen the UV pu|Se uncages enough
mentalA+B— C system would be one in which both cage calcium to equal the amount of unbound dye present in the
and sensor molecules have infinite binding strength, and thigitial equilibrium.
sensor would have very bright fluorescence when unbound The nonclassical kinetics theoretical literature shows that
and none when bound to the iofRlus, the ion and fluoro- the asymptotic effects which are so interesting, emerge at

Fluorescence Intensity

C. Chemical environment
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various times depending on the initial reactant density, buimore critical in these experiments, titrations were done on
that there is a consistent ratio of reactant density at crossovelach sample preparation while monitoring fluorescence lev-
to initial reactant density when these effects begin to appeagls from the CG1 such that the added cage dropped the fluo-
[42]. Therefore, solution conditions for experiments are onlyrescence down to just under 10% of the maximi@alcium
useful if the resultant binding strengths are high enough thagaturateg level.
the initial and final reactant densities go well through the The “data spike” artifact mentioned abovsee illumina-
necessary ranges predicted to be required in the literature. A®n methods descriptigriorce flash-lamp experiments to be
noted before, tighter binding, and thus a greater range ofonducted in a higher viscosity, 50% glycerol environment to
densities through which the reaction will proceed, can beslow down the kinetics. This additionally complicated the
achieved by raising pH and lowering ionic strength. On thesmall volume sample preparations such that an apparatus had
other hand, straying too far afield from physiological condi-to be created which could vortex the sample while simulta-
tions, under which the body of literature on these chemicaheously allowing CG1 fluorescence readings for the titration.
characteristics was published, could lead to unexpected be- Another consideration which must be made when using
haviors of the chemical elements, e.g., their interactions wittsmall diameter capillaries as sample chambers is the pres-
each other and with the sample chambers in these restrict&nce of silica surface charges. As the tube diameter is re-
environments. duced, the ratio of edge surface to sample volume increases,
A Tris-HCI buffer [Fluka Trighydroxymethy)-  and attention must be paid to possible consequences of this
aminomethane plus HGlwith pH 8.5 and ionic strength of static charge such as effective pH chaigél. The interface
11 mM (2 mM KCI) was chosen to achieve this balance, andbetween the glass and aqueous phases sets up an electrical
titrations were conducted to confirm the general effects oflouble layer of negative surface charges and positive ions in
changing ionic strength and pH. Quantitative calibration ofthe solution. The Debye-Hkel parameter, used extensively
the dye and cage binding is difficult, though, under thesdn electrophoresis and colloid sciences, gives us a measure of
strong binding conditions since electrodes used to calibratthe thickness of this layer, or more precisely, the ddint of
the buffers are not accurate below g, of about sevem43]. an approximately exponential decay of the potential, depend-
Finally, titrations were done under experimental buffer con-ing mainly on the solution electrolyte concentratietd]. In
ditions to set the initial amount of calcium to add to the aqueous solution at 25 °C, this relationship can be reduced to
combination of calcium dye and cage for the kinetics studiesx=3.288/l nm~* wherel is the ionic strength of the solu-
This allowed compensation for slight variations in the con-tion, and 1k gives us the double layer thickness in nhanom-
centration of each reactant as supplied and diluted, and a@ters. At 10 M ionic strength(characteristic of our experi-
justment for any impurity calciuntsince the purity of some mental environment as described abjothe surface charges
compounds are not known and have been observed to vaghould be shielded to about 2% by &3~ 10 nm. Thus, we
from batch to batch After balancing the equilibria require- would not expect these surface charges to have a large effect
ments and considering how much cage would need to ben our results since this depth is about 0.01% of the capillary
photolyzed vs photobleaching of the dye, reagents were usatlameter in most cases.
at about 48.M cage, 36uM C&", and 10uM CG1 in Other properties of the chemical system had to be taken
200 ul sample volumes. Samples were prepared by pipettingnto account, and/or compensated for, within this series of
dye into the buffer, after which calcium chloride is added.experiments. Although CG1 is a visible excitation fluores-
The dye/buffer solution should not be very fluorescent bycent dye, this whole family of dyes has significant absor-
itself (the eye and a flashlight are sufficient for this roughbance in the near UV as well. So, photobleaching of the dye
check, and a dramatic color change and rise in fluorescencwith the UV uncaging pulse became an issue, besides any
should be seen upon the addition of calcium. Finally, thephotobleaching due to the continuous visible excitation light
cage is added to the solution, at which point the sample coldirom the mercury lamp. Efforts can be made to compensate
should shift back to its originalprecalcium additionstate.  for this photobleaching in the analysis stage, although the
The flash-lamp source for near-UV pulses has lower envariety of UV pulse energies used, as well as the differences
ergy density than the laséspeckled sourgewhich necessi- in bleaching efficiencies for bound and unbound dye mol-
tated different chemical conditions for equal initial reactantecules make this difficult. But, it was found that in addition
densities. As can be inferred from Fig. 2, if there is notto these expected effects, there was some sort of “reversible
enough light to uncage sufficient calcium, the other way tgphotobleaching” with each pulsp46,47, happening on a
release more calcium with each pulse is to have more cagamilar time scale to the reaction progress itself. Avoidance
and calcium present initially. At the same binding strength,of this effect is sometimes possible with the same remedies
though, the result would be to fill more of the CG1. As aused for the photobleaching itself. The histology literature is
result, a further modification to the chemical environmentfilled with studies of various antifade agents used to counter-
was necessary for the homogenous, flash-lamp initiatioract dye photobleaching8-51]. Many of these were evalu-
This comprised a higher pKL0.1), carbonate buffer, which ated for our specific application, including iodide ions,
increased the binding strength of the cage without affectind.,4diazobicycl¢2,2,2octane (DABCO), glycerol, n-propyl
the dye binding significantly. Under these conditions B4l gallate (NPG), and p-phenylene diamindPPD). Although
calcium and about 6&M DM-Nitrophen™ could be used much work has been done in various labs to find a suitable
along with the same 1@M CG1 in 200ul sample volumes. substitute for PPD since it is a skin sensitizer, we found the
Because the balance of initial unbound calcium level wasame thing as many others have that it was the best choice
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40— ing routine as in Lin52] which averages intensity readings
= over a larger and larger window as time progresses. The
& | algebraic increase in bin size results in evenly spaced data
IS 30' ] 1 points on a logarithmic time axis—retaining the detail at
5 '7 Wﬁe?o short times while averaging over extraneous detail at long
a | times. This method does not “throw out” any data, but still
g L | — reduces considerably the number of data points to view and
c p-phenylene diamine (PPD) ) o 3 . N .
8 201 increases the statistical significance of later points. The origi-
3 | ~ nal linearly spaced data points are always retained in case
3 [ i i i .
S gyeerl changes in analysis are later required
- B nitrogen saturated
1.0 . .
0 plain Tris buffer E. Fluorescence Relationships
L. 1 L . L . | ., Poessimidde Reaction progress is followed experimentally by monitor-
0.0 0.4 0.8 1.2 1.6 2.0

Time (s) ing the increase in fluorescence of the calcium sensitive dye.
This signal, though, may not be the desired quantity in two
FIG. 7. (Color online Typical multipulse, reversible pho- respects: It includes a fluorescence contribution from both
tobleaching results showing the effect of various antifade agents othe unbound dye and any background signal present, and the
Calcium Green-2" in Tris-HCI buffer. Initial (negative timgfluo- ~ main portion of the signal reflects product production rather
rescence levels are somewhat normalized using the PMT variabldnan the more commonly referred to quantity of reactant den-
high voltage supply. Agents modify the steady-state photobleachingity. We can explicitly state the definitions we have worked
(Hg lamp), the UV pulsed photobleaching, as well as the reversiblewith so far in relating the experimental system to the model
photobleachingP-phenylene diamine is the only effective additive A+ B— C reaction:
for elimination of the reversible behavior. A=[dye];, the concentration of unbound (lenotes free
dye in the solution,
available for this application. PPD was dissolved at 1 mg/ml B=[C& "], the concentration of unbound calcium ions,
in the buffer solution, or at 2 mg/ml if using 50% glycerol and
along with the buffer(This increase in PPD levels for the ~ C=[dye]:[Ca&"], the amount of the dye with calcium
glycerol case was found to be necessary to reach the sangemplex present.
beneficial effects as in plain buffer. This agrees with the idea Additionally, we defineD as[dye];o,, andb is theback-
that PPD might act through some sort of diffusion-mediatecground fluorescence intensityhe fluorescence of the bound
collision with the excited dyg¢.Care must be taken since and unbound forms of the dye each have an associated quan-
PPD is a skin sensitizing agent, and oxidizes rapidly in lighttum efficiency, which will depend on the specific experimen-
and heat, turning dark brown. tal conditions. We can denote these quantities as multiplica-
Studies of the dye alone in buffer under the UV pulsetive constants, such that is the bound dye fluorescence
illumination revealed a 50—-10M@s rise in fluorescence of the efficiency andS denotesunbounddye fluorescence effi-
dye after each UV laser pulse accompanying the phoeiency, then the maximum possible fluorescence signal is
tobleaching. Figure 7 shows some characteristic results in
various solution conditions with buffer additives commonly Fmax=aD+b=alA(t)+C(1)]+D
used for the reduction of photobleaching. Results are roughly
normalized by PMT high-voltage adjustment since almost al(independent of timjeand the signal measured in time is
antifade agents change the steady-state fluorescence level. It
is clear from this plot that the PPD was the most effective in F(t)=aC(t)+ BA(t)+b.
eliminating the reversible photobleaching and works well in
reducing the pulsed photobleaching, while it also minimize
the steady-state destruction which occurs under the const
mercury lamp monitor illuminationdata not shown It is
not clear why PPD was the only compound which prove

effective against the reversible photobleaching, or what
mechanisms are involved. Fmnax— F()=a[A(t) +C(t) ][+ b—[aC(t)+ BA(t) +b]

=(a—B)A(1).

S0, with these relations, a guantity proportional to the reac-
At density can be calculated from the experimentally mea-
dsured fluorescence with the relation

D. Data logarithmic smoothing

\oltage (intensity) data recorded by the oscilloscope nec-And, similarly, the initialA concentratioA, can be obtained
essarily has a linear spacing in time. In contrast, many of thérom the quantity F ..~ Fo)-
anomalous kinetic behaviors of tlle- B—0 system scale in It is important to note that while these quantities are im-
time in an algebraic manner. This discrepancy between agortant for comparisons with theoretical results, the measure-
quisition and analysis scales leads to unnecessary detail atent of F,,,, is problematic in many ways, and introduces
long times, while loss of detail on short-time scales could besignificant error. This error becomes troublesome in some of
ruinous. Therefore, we implemented the same data smootlthe time regions of interest since we are often looking for
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FIG. 8. (Color onling Left Experimental image showing the 1
UV intensity distribution on a section of the delivery fiber face 0.00 I A (R SR N
(image shows a 6565 wm region. This type of pattern is charac- 10+ 10° 0.01 0.1
teristic of laser speckleRight Radial average of the speckle image Time (s)

two-dimensional Fourier power spectrum. The triangular shape is
expected for imaged laser speckle, and shows-a um speckle
size.(The DC peak extends above the presentecis)

FIG. 9. (Color online Product fluorescence vs time at various
UV uncaging powers for CG1, DM-Nitrophen™, and“taCircles
indicate flash-lamp initiated reactions and square symbols indicate

asymptotic behaviors whefe andF ,,, will not necessarily laser-initiated(speckled result§; UV pulse artifacts mask the fact
that all flash-lamp curves begin at about 0.05 V and all laser curves

differ considerably. Variations in optical alignment of the tart at 40.02 V. Flash] Its sh tonic rise |

sample, in local concentrations within the capillaries, and insr?)rdLi:t?/\r/ic;rl:r:imé e “?2 - ae?ﬁégsézsﬁnss ;‘?’0\?\/ r:?;; ?nr:t'; lr 'rsi'see'n

sample state over time in the sample chamber make it ne(f- ’ ne sp . ’
- - ollowed by a very slow interval of product formation, then a sub-

essary to measure,,,, in the same spot that the reading of . :

. ; e sequent increase in rate.

F(t) is taken. But, photobleaching by the uncaging light and

diffusion of all components from outside the illuminated and ) ) ) _

monitored regions make it difficult to take an accurate read@ge of a two-dimensional Fourier power spectriusing

ing of this quantity. Because of this, comparisons are oftedMatlab) shows the general triangular shape characteristic of

made to simulation results in the form of prody@) pro-  imaged speckle patteri45,53 as shown in Fig. 8right).

duction vs time, rather than in the more standard rea¢fgnt The high spatial frequency tail of the spectrum falls off to
density, or reaction progress ph— 1/pao). zero at a value corresponding to about L#h on the fiber
surface. This value represents the average speckle size, and
has about the expected order of magnitude since the speckled
light hasn't propagated far enough in free space to allow
Typical uncaging behavior can be seen with a multipulsenuch expansion of the apparent speckle size. It is a bit dif-
measurement, as was seen above in Fig. 6. All of thes#cult in this case to go any further with expectations about
curves have features in common which help evaluate théhe speckle characteristics since they are actually formed in a
effects and effectiveness of the uncaging process. Acquisiontrivial way when the inhomogeneous beam profile is fo-
tion is triggered with the first UV pulse, so negative time cused into and travels throughetf2 m of multimode fiber.
represents the resting fluorescence level—a combination dfhe overall spatial distribution seems quite similar, though,
background, unbound dye fluorescence, and prepulse equb the simple models of laser speckle generafit®.
librium, bound-dye fluorescence. The laser clock rate is set at Figure 9 shows two typical series of fluorescefregated
5 Hz to give adequate relaxation time for behavior viewing.to reaction product concentratioivs time measurements
Early pulses give a rise in fluorescence as calcium is unwith three UV pulse powergeach used for uncaging. The
caged. At the lower powers this rise is followed by a drop inlogarithmic x axis helps in viewing the changing behavior
fluorescence due to calcium leaving the dye and rebindingver many decades of time. Circular symbols are for data
with unphotolyzed cage moleculéas explained in Fig.)2  from flash-lamp initiated experiments, while squares are for
(Stronger binding of calcium to the cage over the dye hinderspeckled, laser initiated rung-lash-lamp results have been
long-time measurements in this way, but it must be rememshifted (to the left by division in time by a factor of & to
bered that this is also what allows the experiments to beompensate for the fact that these experiments were per-
carried out at all, since we require most of the calcium to béormed in 50% glycerol, and to allow more direct compari-
initially bound to cage rather than dyeécventually, enough son with speckled results in standard viscosity aqueous
pulses have been delivered that the amount of uncaged cdjuffer) Each set of data includes three curves, each at a
cium is sufficient to saturate the dye binding, and no mordlifferent UV pulse energy. The middle curve of each set is
intensity increases are seen with each pulse. After this satihe approximately equal initigh and B concentration situa-
ration point, at all but the lowest powers, the effects of UVtion (as judged by the multipulse uncaging experiments de-
pulse photobleaching can be seen as time goes on. scribed in theMethodssection. At early times, the data
Figure 8(left) shows a typical image of the speckles usedshows the artifact from the near-UV pulse, ending at about
to initiate the spatially correlated reactions. The radial aver20 us for the laser results and at about 108 for the flash-

Ill. RESULTS
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FIG. 10. (Color online Comparison of calcium-dye complex-
ation reaction in 50% wt:wt buffer-glycerol solutidgopen symbols
along with reaction results in buffer without glycer@losed sym- FIG. 11. (Color online Reaction progress vs time calculated
bolg). UV pulse energy varies by about a factor of th(éd 0.5  from experimental data shown in Fig. 9 taken at three different UV
between curves in each set. A delay in the reaction features can hgilse energieglow to high going from bottom to tgp Again, cir-
seen, proportional to the calculated viscosity ratio of 6, showing theular symbols indicate flash-lamp initiated reactidhsmogeneous
effects and importance of diffusion in the kinetic features. illumination) and square symbols denote laser-initiated reactions

(speckledl. The straight lines have a power law slope of 0.75, which

lamp experiments, masking the fact that the speckled curvéEfgualotoethzlhgzer"gimZ?liii?]ﬂglticz)slfgggizr?symptOtiC rate for the
(squarepall start at about 0.02 V and the flash-lamp curves €4 y '

all begin at about 0.05 V. All of the curves then rise in some

way as product is formed over time. A decrease in all the;léss?gslf?;nri?;t?oﬁftg. t-rzglfe\;ecrtligisrg:g fgg;t:g:t'on of the dif-

curves can be seen at later times due to the fact that calcium

binding to any unbound, unphotolyzed cage molecules is fa-

vored over binding to the dy€Seelntroduction Fig. 2 stage IV. DISCUSSION

(), andResultsdescription of Fig. 8. . . The results obtained show reaction rates which differ sig-
The flash-lamp curves all show a simple structure, with a,

tonic rise i duct i A Id b ted ificantly over time, for the same elementary, binaky; B
monotonic nse in product over ime. AS would be expected, , o reaction, but under quite different initial reactant distri-

higher UV pulse energies lead to faster product formationy, yions TheA reactant was always randomly distributed
due to the correspondingly higher initi8l concentrations.  yhrq,gh premixing of chemicals, but tfBereactant was dis-
(Higher product formation rates are indicated by steepefiihted according to the intensity distribution through the
slopes of the product density vs time curyes. sample chamber of a near-UV pulse of light. When reactions
The product formation fluorescence in the speckled casgere initiated by a pulse from an incoherent light source,
is not as straightforward, showing a variety of structureforcing an apparently initially randon distribution, the
(most clearly seen in the middle curve, but present in albroduct formation over time looked qualitatively similar to
threg with an early fast rate of product formation, followed the classical case, with monotonically increasing product un-
by a slowing of the product formation rate, then by anothertil the limitations of the experimental chemical system were
rise in that rate.(Again, we will refer to the change in reac- reached. The laser-initiated reactions, on the other hand, gave
tant or product density in time as an indicator of the overallthe B distribution an apparently speckled initial distribution,
reaction rate. and the reaction product formation went through three iden-
In an effort to explore the robustness of the kinetic fea-tifiable regimes, with an initially fast period of product for-
tures observed, Fig. 10 shows the effects of running thenation, followed by an extremely slow region, then followed
laser-initiated experiments in a 50% wt:wt glycerol:buffer by another fast regime. We will look at these results quanti-
solution along with a comparison to the plain buffer solutiontatively with rates of reaction progress, as well as compari-
reactions. The fluorescence levels have been normalized usens to Monte Carlo simulations to test whether speckles are
ing the high-voltage control on the PMT detector, since thandeed sufficient to cause these anomalous reaction rate re-
fluorescence response range, bound to unbound, of the dggmes.
decreases by about 30% in this higher viscosity medium with If we return to the experimental fluorescence intensity vs
2X PPD(for reversible photobleaching removal—see Meth-time information, including now the measurements of the
ods sectiop UV pulse powers were varied by about a factor maximum fluorescence intensity for a given set of data, we
of 3 (N.D. 0.5 between curves for each set. Here we segyet plots such as in Fig. 11. This is a plot of experimental
practically identical behaviors under the two conditions, withreaction progress vs time on a lggdog;, scale using the
one set delayed in time by a factor close to the calculatedame data as in Fig. @gain, circles are flash-lamp initiated
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reactions and squares are speckled, laser inifiates de- . T v T

scribed in Methods section, the fluorescence intensity is sub 040 oo

tracted from the maximum possible intensity for that experi- ] W
ment in order to obtain values proportional to the reactant ., el
density. Then, the reaction progress is calculated by subtraclg / / / /././_/-/r
ing the inverse of the calculated initial density from the in- g ]

verse of this time-dependent reactant density. The error bar2, 030

seen in the figure are dominated by the uncertainty in the;(ff ] /Z(_,/-/'XX /-+/ ]
determinations oF ., andF,;,. The Zeldovich asymptotic - B el

o
>
behavior of the reaction progress A+ 1/pag) for the A E '
+B—0 reaction goes a4, and the solid, straight lines in 1
the plot indicate the three dimensional, power law slope of o020
0.75, for comparison to the data. Even though this result has 1
not been seen before experimentally, it is not too surprising o5
that the initially random casélash lamp has a slope near 5 2 4 & 8 10 12
the asymptotic Zeldovich behavior. The speckled case, on tht log,(time)

other hand, is additionally interesting in that after the slow,

mid-time regime, the curve appears to also follow the Zel- FIG. 12. (Color onling Simulated product formation for both
dovich rate for a while during the later time regime! This initially random (circles and initially speckledsquares B condi-
behavior is only observed over about one decade of timgjons. For comparison to the experimental conditions, the inkial
though, so we need to understand more about the reactiomactant density was held constant and the distribution was spatially
occurring after this type of initial reactant distribution to seerandom, while thé initial density was varied (0o, 1.0pa0, and
whether this result is important, or merely a coincidence. It isl-90ao)-

essential 1o re_call, though, that in the *classical” case, NON&imulation would not reveal any new insights into the roots
of thes_elreactlons would show these slow ratep €hould ¢ e kinetic regimes, while adding computational restric-
go ast ), and none of them should show any dependencgons, Fig. 12 shows simulation resuits for both initially ran-
on initial reactantlistribution _ dom B distributions(circles, as well as the contrasting ini-
The excellent agreement between the experimental dafg|ly speckled caséshown in square symbolsAlready it is
and the Zeldovich rates during some part of the kinetics igjualitatively obvious that these two cases give very different
encouraging, but this does not explain the very slow kinetiqesults, and that the speckl&dreaction exhibits the charac-
regime during the mid time of the laser-initiated reactions. Interistic fast-slow-fast product formation regimes as in the
fact, this slow period is even less active ({)1+t%*) than  experiments. In these simulations, competition of the cal-
the one-dimensional Zeldovich case for initially random re-cium for unbound cage molecules is not includatthough
actants ((14)t®29. Further, it is the existence of this ex- simulations were conducted, but are not shown here for sim-
ceedingly slow regime, delaying the onset of the randomlikeplicity), but a difference between the random and speckled
behavior and in contrast to the flash-lamp initiated kineticscases can also be seen from the time at which the reactions
which indicates most strongly that we are observing nonclasapproach their apparent saturation point. Just as in the ex-
sical kinetics. periments, one must wait much longer for the speckled reac-
In order to test whether a speckled initBldistribution  tions to “end,” due to the delay from the intervening slow
was sufficient to lead to this sort of fast-slow-fast rate behavregime. One difference between the experimental and simu-
ior, we conducted Monte Carlo simulations of A--B—0 lation results is an apparent discrepancy between the relative
reaction(as described in Ref$10,9], and in more detail in initial populations between the three runs of each set. This
an upcoming publication Since we observed that the laser was not explored further, but it is obvious that while we have
light was speckled, but didn’t have access to any details ofonfidence that our experimental runs included the equal ini-
the exact three-dimensional light distribution inside the captial A andB density points, the higher and lower initial popu-
illary, a three-dimensional simulation was not easily feasiblelations were not exactly proportional to either the optical
Instead we used the simplest cases, with two-dimensionalensity of the filters before the coupler in the laser case, or to
random and speckleB distributions, as a crude test to see if the high-voltage supply setting in the flash-lamp experi-
the spatial fluctuations present in the speckle pattern woul¢hents. Despite this, the agreement between simulation and
be sufficient to produce the qualitative features we observedxperiment is remarkable.
in the experiments. The Monte Carlo approdel opposed In order to view the simulation data more quantitatively,
to a solution of reaction-diffusion equations the most Fig. 13 shows the reaction progress for the same Monte
straightforward for imposing the speckled init@ldistribu-  Carlo simulation results as shown in Fig. 12. Again, the
tion. Furthermore, sincé=4 is the crossover dimension for circles are for initially randonB distributions, and squares
A+B—0 into classical behavid,4], the three-dimensional show initially speckledB reactions. Solid lines show the
Zeldovich slopes would bd/4 and the qualitative behaviors slope for the asymptotic Zeldovich rate behavior in 2D of
would be the same in one and two dimensi@@B) (both of  t2. As can be seen in the plot, the initially random, initially
which we simulated, but only show the two-dimensional re-equalA andB density reaction asymptotically approaches the
sults herg Therefore, performing the full three-dimensional Zeldovich rate, and so does the initially speckled case. After
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8 ; ; ; ; —1 ; ily if a triangular function is plotted using a logarithmic
/ / axis, in which case the curve will flatten at low spatial fre-
T / T guencies as the details of the beginning of the triangle are
stretched out.As a result, the late-time behavior closely fol-
lows the Zeldovich rate for initially random reactant distri-
‘/./_2/ butions, since the reaction only “feels” randomness at later
times. During the mid-time regime, though, the presence of

% extra long wavelength fluctuations due to the speckles slows
P

il O

2
ot

the product formation rate, just as in the case of initially
fractal distributions like those studied by Lindenbegal.

log,(1/p - 1/p0)

2 &Sl = [6,7] (but over a finite extent for the speckles, whereas a real
/ — fractal has extra long wavelength fluctuations over an infinite
l ] exteny.
n ;/' In conclusion, we have successfully demonstrated a
/ model experimental system for the nonclassiéat B—C
" " - - " " reaction along with the effects of the initial reactant distribu-
0 2 4 6 8 10 12 14

tion. Our results also seem to show an experimental exhibi-
log,(time) tion of the Zeldovich nonclassical rate behavior. Although
more work would be necessary to measure the exeaction
progressslope over a longer period of time, contrasts be-
tween reactions initiated with homogenous illumination vs a
speckled laser source show dramatically different kinetics, as
a result of the strong dependence of the reaction behavior on

FIG. 13. (Color online Simulated reaction progress for both
initially random(circles and initially speckledsquaresconditions.

the slow regime, the equal initial density curve follows the

one-half slope line quite well. ; o .
It is beyond the scope of the present paper, but furthells memory of the(speckled initial conditions. These ex-
! freme qualitative differences would never appear in the clas-

spatial analysis of the simulation results has shown that th I Th . ts d trate that the body of
fast-slow-fast product formation rate behavior is a direct reSical casé. 'hese expernments demonstrate that the body o

sult of the spatial scales present in the laser speckle. T %iffusion—limit_ed, modern reaption_ kineti_C§ results needs to
power spectrum in Fig. 8 shows that over a certain range o e taken Ser iously, as even in this real!spc case of a some-
spatial scales, the speckled distribution has additional flucvhat reve_rS|b_Ie reaction, the lack of mixing and the initial
tuations present over the random case. The results are mdg@ctant distribution effects are dramatic.

easily understood by thinking about the early and late-time
behavior of the reaction, and the spatial extents over which
the reactants have traveled. At early times, eAdbr B has We acknowledge funding from the NSF Grant No.
only had a chance to diffuse over a short distance, and o0DMR9900434. Thanks go to Dr. Anna Lin for discussions of
these spatial scales the reactant distribution still looks ranreaction kinetics concepts and results, as well as Matlab rou-
dom. At long times, the distribution also looks random, astines. We also thank Dr. Susan Barker and Dr. Heather Clark
well, since the triangular power spectrum of the specklesor their experience with fluorescent sensor molecules. Also,
shows us that these extra fluctuations are present over onlyl. Andrea Stout’s input was invaluable when assessing dye
finite range of spatial frequenc§This can be seen most eas- behavior artifacts.
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