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Self-ordering in diff'usion-controlled reactions: Exciton fusion experiments and simulations
on naphthalene powder, percolation clusters, and impregnated porous silica
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Reactive self-ordering is demonstrated for the elementary reaction A+A product in low-
dimensional media, via both simulations and experiments. In one dimension, an eff'ective spacing
of excitations is created (order of 10 lattice units). The experimental verification involves excita-
tion-time modulation, a new technique for microstructural studies. Naphthalene-impregnated
porous glass (Vycor), naphthalene isotopic alloys, and naphthalene crystalline powder all show the
self-ordering eA'ect for triplet exciton annihilation.

INTRODUCTION

Macroscopic self-ordering or self-segregation in ele-
mentary, diffusion-limited reactions has been predicted
for the A+8 0 reaction from both theory and simula-
tions. ' However, to the best of our knowledge, such or-
dering has never been verified experimentally. This is not
surprising because the models used were based on
mathematical constraints that are experimentally unreal-
istic, such as a strict equality of A and 8 particles coupled
with a random generation process. ' On the other hand,
for the simpler reactions, A+A product, self-ordering
occurs naturally (but obviously not segregation). Indeed,
self-ordering for the A+A 0 and A+A A reactions
has been implicit in recent theoretical work, ' but no
explicit criterion and no spatial distributions have been
given. ' Here we provide criteria and show the self-
ordering explicitly, via Monte Carlo simulations. Furth-
ermore, we demonstrate a self-ordering in exciton fusion
experiments. In contrast to the macroscopic segregation
predicted for A+8 reactions, one finds a mesoscopic or-
dering, with gratinglike structures, for the A+A reactions
at 1ow dimensions.

The explicit nature of the ordering is simulated here for
the one-dimensional case, based on the closest-neighbor
distance as a new order criterion. This ordering accounts
for the nonclassical, steady-state and transient,
reaction kinetics and exciton fusion kinetics demonstrated
earlier for low-dimensional (d ~ 2) media. It also makes
possible a simple, but powerful, new experimental tech-
nique for the characterization of low-dimensional or disor-
dered media. Most important, we present what we be-
lieve to be the first direct experimental verification of the
reactive self-ordering of excitons.
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walkers per step until the total number of walkers was
constant. Pulsed conditions were then studied by adding,
in one step, the same number of walkers that exist at
steady state to produce an initial uniformly random distri-
bution. In both cases, after stopping the addition of walk-
ers (t 0), the number of walkers or reactants remaining
at time t (monitored experimentally by phosphorescence)
and the number of annihilations or reaction rate at time t
(monitored experimentally by delayed fluorescence) were
monitored on the computer. While the initial (t -0) glo-
bal densities are equal for both forms of reactant genera-
tion, this does not guarantee equal reaction rates at t ~ 0
or equal global densities at t & 0. Examples are given in
Fig. 1 which is discussed further below.

The spatial and temporal aspects of a distribution of
reacting particles (excitons) are related. The simulations
show this most clearly for a one-dimensional lattice. Fig-

SIMULATIONS

The experimental exciton reaction; triplet+triplet
triplet or singlet, where singlet triplet or Auorescence,
was simulated by reactive random walkers (A+A~0
and A+A A) on a variety of lattices. Comparisons
were made between diA'erent initial conditions. Steady-
state conditions were generated by adding several new

FIG. 1. Simulation examples of time-modulation technique.
Ratio of annihilation reaction rates R„,/R„(uniformly random
pulse over steady-state generated population) vs step number,
for the simulation A+A 0 on various lattices (total number of
sites 30 000). Curve A, one-dimensional islands (20 sites
each); curve B, one-dimensional continuous chain; curve C,
three-dimensional islands (3X3X3 sites each); curve D, three-
dimensional percolation clusters (cubic; 40% occupation, all
clusters); curve E, three-dimensional cube.
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ure 2 gives the distribution of interparticle (closest neigh-
bor) gaps in terms of gap lengths. This is equivalent to
the Hertz nearest-neighbor continuum distributions.
For a Poissonian (uniformly random) distribution of par-
ticles, the most probable gap is the shortest one (I =1 lat-
tice unit), giving a quasiexponential Hertz-like distribu-
tion of gaps. This is no longer true for the steady-state
distribution. Here, there is a most probable gap length
(I ) 1) with a curve resembling a skewed exponential or
skewed Gaussian (Wigner-like) distribution. ' (Such a
distribution would also be generated by a sinusoidal posi-
tion distribution, e.g. , an exciton population created by a
weak transient grating. ) We note that the random distri-
bution represents a spatially uniform, pulse-created exci-
ton distribution. Allowing each one of the two realiza-
tions (pulsed and steady state) to relax reactively (with no
further supply of particles), one finds two diA'erent reac-
tive decay curves in spite of the equality of populations for
both realizations. The initial decay rate will diAer most
drastically as it is only determined by reactant pairs with
a gap l =1. There are many more such l =1 gaps for the
pulsed distribution than for the steady-state distribution,
the ratio being about ten for the one-dimensional lattice
(see Fig. 2). Figure 1 (curve B) plots the ratio of reaction
(fusion) probability as a function of time for the one-
dimensional lattice. At t =0, this ratio is about eight.
The two ratios (of pair formation and of reactivity) are re-
lated (but not equal). In principle, curve B of Fig. 1 car-
ries the information given in Fig. 2. It is obvious from
Fig. 1 that the most significant steady-state ordering
occurs for one-dimensional islands (filaments). On the
other hand, there is no ordering eff'ect for a cubic lattice.
Other topologies show an intermediate behavior (which is
highly specific). The simulations of Fig. 1 give the tem-
poral aspect, which is closest to our experiments. We em-
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FIG. 2. Simulation examples of self-ordered and random
populations. Relative distribution of the interparticle closest-
neighbor distance ("gap") i, in number of lattice units for each
particle, on a one-dimensional lattice with 30 000 sites. Curve
A, reactive steady state (A+A 0, density = 2%), after 2000
steps of adding two particles per step, averaged over 1000 reali-
zations; curve B, uniformly random distribution of the same
number of particles as in curve A with no reaction steps taken.
Note that for the gap length i = 1, the gap population (0.0404 of
total) is 10.7 times that of curve A.

where A —c and B—c, as required by dimensional
analysis. Furthermore, for the transient ("big bang") re-
action 2+2 A, we find an excellent fit with a skewed
Gaussian (Wigner-like) distribution

K'(1) =A'i exp( —8'r ), (3)

where A' —c and B'—c, for long times (more than 1000
time steps). For a given reaction the steady-state and
transient reactions exhibit similar but not the same kinetic
distributions, i.e., Eq. (2) for transient A+A 0 and Eq.
(3) for steady-state A+2 A have to be appropriately
modified. Finally, we note that, based on the simple argu-
ment that the global reaction rate (R) is given by
R —cK(l 1) one recovers the rigorous reaction law,
which applies to both the steady-state and the transient
(t ~ ee) cases, i.e., R —c, for both A+A 0 and
A+A A reactions.

EXPERIMENTS: TIME MODULATION TECHNIQUE

Triplet fusion experiments were performed on
naphthalene-impregnated porous glass (Vycor), naph-
thalene powder and perfectly crystalline isotopic alloys of
naphthalene (C~pHs.'C~pDg). These samples cover a
dimensionality range between one and three for exciton
transport. ' Purification, preparation, and other experi-
mental procedures were the same as in previous stud-
ies. ' We only describe here the details pertaining
to the new ("time modulation" ) technique. The time
dependence of the naphthalene triplet-triplet exciton an-
nihilation reaction rate was monitored, as usual, via the
delayed fluorescence emission. Phosphorescence emission
corresponds to the instantaneous triplet reactant concen-
tration (global density). The dependence of the relative
decay rates and intensities of the emissions on initial exci-
tation duration was examined. "Time modulation" per-
tains to the modulation of this excitation duration. A ran-
dom population of excitons was produced by pulsed exci-
tation (e.g. , 5 msec duration) from a mechanically shut-
tered xenon arc lamp. The steady-state population was
created by leaving the shutter open for several seconds
(which is longer than the time required to establish a con-
stant phosphorescence signal). Neutral-density filters
were used to give a phosphorescence intensity at time zero
(the closing time of the shutter) equal to that obtained
from the pulsed excitation This insures equ. al initial glo-
bal exciton densities. However, this equalization is not

phasize here that, for each topology, the initial popula-
tions (steady-state and pulsed) are strictly equal. This is
also the key for the design of meaningful experiments (see
below).

The "pulsed" (random) curve of Fig. 2 fits the one-
dimensional Hertz-like distribution P (1) of nearest-
neighbor lattice distances I,

P(i) =2c exp( —2cr), r =i —1,
where c is the concentration of particles on the lattice.
However, the kinetic steady-state curve of Fig. 2 (A
+A 0) fits the skewed exponential distribution K(l):

(2)



! I}~ Ii I g ~

SELF-ORDERING IN DIFFUSION-CONTROLLED. . .

t:
rJ)

LIJ

Z'.
O
U)

LU

D Ww
~ ~~ ~ ~~ ~

TIME (sec}
0.5

TIME (tnsec}

FIG. 3. Relative intensities of phosphorescence and of de-
layed fluorescence decays from naphthalene in porous Vycor
glass at 18 K following steady-state (11 sec duration) or pulsed
(20 msec duration) excitation (319 nm). Curve A, phosphores-
cence from steady-state excitation with a number 2.0 neutral
density filter to equalize its initial intensity to that of curve B;
curve B, phosphorescence from pulsed excitation; curve C, de-
layed fluorescence from conditions in curve A; curve D, delayed
fluorescence from conditions in curve B. Note that the intensity
scale for curves C and D is different than that for curves A and
B.

sufficient to assure equal initial annihilation kinetics.
Both the phosphorescence and the delayed fluorescence
time decays are quite different for the pulsed and steady-
state cases. Figure 3 sho~s the results for naphthalene-
impregnated porous glass. Similar results are obtained for
naphthalene powder and for low-concentration na-
phthalene single-crystal isotopic alloys (C/QHs below per-
colation ' ' ). These samples also exhibited low-di-
mensional exciton transport in other studies. ' On the
other hand, no such differences in intensities or decay
rates are observed for high-concentration alloys (above
percolation) or for nearly perfect naphthalene crystals.
Above percolation, the single-crystal alloy exhibits classi-
cal rather than geometrically restricted transport charac-
teristics and no self-ordering is expected. This range of
behaviors is shown in Fig. 4. (These well-studied percola-
tion systems ' ' were chosen to test the validity of the
time modulation method. )

We can relate the measured temporal features to the
microscopic spatial features with the aid of the simula-
tions. For instance, from Figs. 1 and 4 it appears that the
porous Vycor naphthalene filaments have an eff'ectively
one-dimensional, wormlike topology. Our computer mod-
eling implies that the naphthalene "plugs" have the shape
of one-dimensional islands, i.e., filaments whose length is
an order of magnitude above their width. The filament
width is limited by the pore "diameter" (4-6 nm) but
could be as low as 2 nm. This suggests a filament length

FIG. 4. Ratio of delayed fluorescences: pulsed vs steady-state
excitation, with equalized initial phosphorescence intensities.
Curve A, naphthalene in porous Vycor glass; curve B,
naphthalene powder; curve C, 5% isotopic mixed naphthalene
crystal; curve D, 11% isotopic mixed crystal; curve E, 39% isoto-
pic mixed crystal. Note that the deviations from the classical
value (unity) are up to 2000% and exceed by far the "noise."

of 20-100 nm. Similar conclusions ' were obtained
from long-time decays of phosphorescence and delayed
fluorescence. Specifically, it is evident from Figs. 4 and
1 that a percolation network of pores is not likely to be
consistent with our naphthalene in Vycor results.
However, a complete study of the Vycor and powder re-
sults is reserved for a later work.

SUMMARY

Our experiments demonstrate a nonrandom distribu-
tion, i.e., kinetic self-ordering, for the triplet exciton popu-
lations in naphthalene samples that are nat pure and per-
fect bulk crystals: crystalline powders, naphthalene fila-
ments in porous silica, and isotopic alloys with composi-
tions below percolation. However, for isotopic alloys with
compositions well above percolation, the exciton distribu-
tion is random within our experimental accuracy. A new
method for studying topology and disorder, the
excitation-time-modulation method, has thus been intro-
duced. The simulation results are consistent with the ex-
perimental eff'ects. Furthermore, for one-dimensional to-
pologies they show non-Hertzian, skewed exponential or
Wigner-like steady-state reactant distributions, implying
the existence of organized, gratinglike steady-state exci-
ton distributions, i.e., a self-ordering of excitations on a
mesoscopic distance scale.

This work was supported by National Science Founda-
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