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The experimental data on triplet exciton transport in isotopically mixed crystals of naphthalene/ 
perdeuteronaphthalene (paper I) are contrasted with singlet exciton transport in the same samples 
(20%-100%) and analyzed in terms of incoherent hopping models. The master equation 
approach is emphasized and extended. We modify the conventional continuum master equations 
via a physically plausible cutoff of the high-frequency transfer rates. This results in an 
experimentally acceptable functional form (transport linear with high power of concentration) 
and nearest-neighbor transfer time (100 ps). We also developed a lattice master equation 
(numerically soluble), using an experimentally tested exciton superexchange formula. The 
somewhat surprising result is that the lattice master equations do not fit the experimental 
functional form. The success of the continuum models and the failure of the lattice models are 
attributed to the latter's neglect ofthe spread in transfer rates for a given intersite distance. We 
claim that clusterization as well as diagonal homogeneous and/or inhomogeneous disorder cause 
the above spread. On the other hand, these energy mismatches are small with respect to the 
thermal energy, in contrast to the singlet exciton transport case, where, due to larger energy 
mismatches, a percolation-like critical concentration is observed. Thus for the given 
concentration and temperature regimes, the triplet exciton transport is diffusive while the singlet 
exciton transport is percolative. Lower temperatures and/or concentrations are required for 
percolative triplet energy transport in these systems. 

I. INTRODUCTION 

Energy transport in disordered media is an interesting, 
but complex, topic. It is a relatively straightforward process 
to solve for exciton transport in the limit of a translationally 
invariant latticel

-
3 or in the limit of a lattice with dilute guest 

(i.e., conducting) sites.~ The intermediate case of moderate 
guest site concentrations is much more difficult to analyze. 
Varying the guest concentration influences exciton trans­
port via several mechanisms. The major one is that changing 
the average guest site separation distance affects the rates of 
the pairwise transfer steps and consequently the overall 
transport rate. We will demonstrate that, in addition to this 
effect, the concentration dependent variation in the local en­
vironment around the guest sites (e.g., clusterization) also 
has a significant influence on exciton transport in isotopical­
ly mixed naphthalene crystals. We will base this conclusion 
on the analysis of experimental triplet exciton transport data 
using the Loring, Andersen, and Payer7 (LAP) solution to 
the exciton master equation as well as introducing several 
modifications to the LAP model. 

In a previous papers we presented an experimental tech­
nique, and results, for studying triplet excitons in mixed 
naphthalene crystals at low temperatures (1.8-16 K). The 
guest species was naphthalene CIOHs while perdeuteron­
aphthalene ClODs acted as the inert host species. We varied 
the guest concentration Cg across the range of 0.20 to 1.0 
mole fraction. Betamethylnaphthalene BMN was also pres­
ent in dilute amounts: CJCg = 10-3 to 10-5

• The BMN 
molecules acted as sensor, or trap, sites. We found that at 
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1.8 K the rate of transport KR , within the guest quasilattice, 
exhibits a smooth functional dependence on guest concen­
tration via the empirical relationship KR ex: Cd 6.5. KR is de­
fined as K R = kCg/C" where k is the rate constant for exci­
ton trapping by the BMN sites. 

In order to analyze the experimental results we will as­
sume that the excitons can be described using a random hop­
ping model, i.e., the excitons are localized entities which 
jump incoherently from one site to another. This random 
motion can be expressed using a master equation. A very 
different approach states that decreasing the guest concen­
tration causes a quantum mechanical transition in the funda­
mental nature of the exciton.9-12 We will not consider the 
latter theory here since the transport data in Ref. 8 show a 
smooth functional dependence on Cg across the entire con­
centration range of Cg = 0.20 to 1.0 mole fraction. Assum­
ing that excitons can be described as random walkers, KR 
can be interpreted as the effective rate at which an exciton 
samples new sites, and it should be proportional to the exci­
ton diffusion coefficient. 3 

In Sec. II we describe the transport master equation and 
several approximate solutions to it which are found in the 
literature. Section III presents theoretical values for the su­
perexchange matrix elements in naphthalene. Knowledge of 
these values is necessary in order to use the models presented 
in Sec. II. Section IV compares the consequent theoretical 
predictions for triplet exciton transport to the experimental 
results from Ref. 8. We make several modifications to the 
master equation model of Loring, Andersen, and Payer7 in 
Secs. V and VI and again compare the results to the experi­
mental data. In Sec. VII we explain our results in terms of the 
transport dependence on the local environment. We also 
compare our triplet results to our previously described sing-
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let exciton results.42 Section VIII summarizes our conclu­
sions. 

II. TRANSPORT MASTER EQUATION 

The master equation for transport and trapping within 
a system of N guest sites and (M - N) trap sites is 

where Pi (t ) is the probability that guest sitej is occupied by an 
exciton at time t. Wjk is the rate of exciton transfer from guest 
site j to guest site k. vjk is the rate of irreversible transfer to 
trap site k. For most of this paper we will assume that we are 
in the high-temperature limit with respect to guest-guest 
transfer wjk = w/q but not with respect to back transfer from 
trap sites. 

This master equation is typically used to solve for con­
figurationally averaged transport Green's ~nctions, e.g., 
(]8 (r,t ), or their Fourier-Laplace transforms (]8 (k,u). k is the 
Fourier variable for position while u is the Laplace variable 
for time. (]8 (r,t ) gives the probability that an exciton resides 
on any guest molecule at location r and time t, given that the 
exciton was at the origin at time zero. The configurational 
average refers to solving for the Green's function for the case 
of a given guest and trap site distribution, e.g., (I (r,t), and 
then finding the average functional value over all possible 
guest and trap site distributions in space. 

where rj is the location of the guest or trap site j. [J is the 
lattice volume, area, or length depending on the dimensiona­
lity of the system. 

The Green's function approach is common to a number 
of solutions to the master equation problem. Huber1s uses 
these expressions to derive a T-matrix solution. A second 
type of solution is the coherent medium approximation. 1~19 
We will use a method which was initially proposed by Haan 
and Zwanzig20 in 1978 and subsequently improved upon by 
Gochanour, Andersen, and Faye~l (GAF). The GAP model 
uses diagrammatic series to solve for the exciton transport. 
Concomitant with these series is the GAF requirement that 
the total exciton popUlation probability remains conserved. 
Loring, Andersen, and Fayer7,43 (LAP-I) have extended the 
GAF model to include exciton trapping. The resultant equa­
tions that we will use for this paper are Eqs. (8), (9), and (10) in 
Ref. 43. 

We will also make use of an earlier transport/trapping 
model suggested by Blumen and Silbey22 (BS). This model is 
less complete than the LAP-I model, but it is also much 
simpler to use. Rather than trying to explicitly calculate the 
long time behavior of the exciton distribution propagation, 
BS extrapolate from the short time behavior. They have 
solved for the trapping rate constant k for a variety of condi­
tions. 

III. DISTANCE DEPENDENCE OF NAPHTHALENE 
SUPEREXCHANGE INTERACTIONS 

The relevant question is how well do the LAF-I and BS 
solutions explain the experimental transport vs C, data pre­
sented in Ref. 8. In order to answer this question we must 
first know something about w(ri}) for naphthalene triplets. 

Naphthalene nearest neighbor molecules transfer tri­
plet excitation via exchange interactions.23 Since this process 
requires the overlap of orbitals from the two sites, this inter­
action is extremely short ranged. Transfer between sites 
which are further apart than nearest or next-nearest neigh-
b · II d . h 24-26 ors IS genera y assume to occur via superexc ange. 
This process is similar to direct exchange except that it uses 
intervening host site orbitals to help propagate the electron 
exchange. If the nearest neighbor exchange matrix element 
is given by 13 and the guest-host energy difference is liE, then 
the superexchange matrix element, Jbetween two guest sites 
is26 

Lf3m 
J = for f3<liE. 

liE m- 1 
(3) 

m is the number of nearest neighbor bonds belonging to the 
shortest route from one guest site to the other (passing 
through m - 1 host sites). L is the number of shortest dis­
tance paths between the two guest sites. 

In order to calculate specific values of J" we modified 
Eq. (3) slightly to allow for direct exchange between both 
nearest neighbor sites [rnn = 0.5(0 + b), f3nn = 1.16 cm- I

] 

and next-nearest neighbors (r n _ nn = b, f3n _ nn = 0.63 
cm- I ).27 We also added the contribution of super exchange 
along the second shortest pathway to the contribution from 
the shortest pathway between two sites. The resultant matrix 
elements, for a large number of sites close to the origin, vs 
their corresponding distances from the origin are plotted in 
Fig. 1. The data yield the approximate two-dimensional iso­
tropic relationship: 

(4) 

where rnn is the nearest neighbor distance (5.1 A). This 
expression is quite close to the rough superexchange esti­
mate made by Blumen and Silbey. 22 Instead of the value of 
4.3, they predict a value of 4.5 using the general expression 
- In(f3 / liE) = 4.5. 

If we assume that transport is incoherent then Fermi's 
Golden Rule should hold, i.e., wi} ex: J:,. This means that Eq. 
(4) gives a naphthalene triplet transfer rate which can be 
expressed using Eq. (5) with a value of E = 8.6. 

w(r) = 1'n~ I exp [ - EC~II - 1) l (5) 

1'IIn is the nearest neighbor transfer time. Several papers22,28 
have treated the superexchange matrix element as being pro­
portional to the matrix element rather than its square. This 
assumes that the transport is coherent. 29 
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FIG. 1. Superexchange matrix elements for naphthalene. The matrix ele­
ments for transfer in the ab crystal plane were calculated using Eq. (3). The 
data are based on direct exchange between nearest neighbors [,B(nn) = 1.16 
cm -11 and between next-nearest neighbors [,B (n - nn) = 0.6 cm -11 (Ref. 
27). The data also allow for contributions from both the shortest paths 
between two sites and the second shortest pathways. The data approximate 
the empirical relationship J(r)=A exp! - 4.3[(r/rnn) - Ill. 

IV. COMPARISON OF EXPERIMENT TO STANDARD 
THEORIES 

Once one has found an expression for w(r), one is able to 
make theoretical predictions using the LAF-I or BS models 
and compare these predictions to our experimental results. 
The hope is that the models will provide us with some insight 
into the physical process of triplet exciton transport in naph­
thalene crystals. 

Using Eq. (5) we fit the LAF-I and BS theories to the 
data in Ref. 8. Unless otherwise specified, we have assumed 
that transport is incoherent (€ = 8.6) and that the rate of 
guest-to-supertrap transfer is the same as guest-to-guest 
transfer for equal separation distances. This leaves only one 
adjustable parameter in the theories, i.e., the nearest neigh­
bor transfer time T nn' Results from the LAF -I model were 
calculated by solving the two-body equations using numeri­
cal integration. In order to extract the trapping rate constant 
k from the LAF-I model we first solved for the function 
@(O,u) which gives the total population of excitons lying 
within the guest system of sites. We then us~d the Stehfeseo 
inverse Laplace transform method to obtain (]K (O,t ). Figure 2 
(bottom abscissa) shows resultant @ (O,t ) values for Cg ::::,:: 1.0 
and Cs = 10-3 as a function of the reduced time t / T nn • (The 
top abscissa and the interpretation of the reduced time will 
be discussed in the next section.) 

t/Tnn for 

o. 2000. 4000. 6000. 
t.04~------~~--------~--------~~ 

0.5 

0.2 

0.1 

0.05>+-------r-----r-----.-----! 
0. 50. 100. 

co 

t/Tnn for 1 dr 
o 

FIG. 2. LAF-I guest population as a function of time and as a function of 
lower integration bound. The solid line was calculated using the LAF-I 
model with E = 8.6 and by using a lower integration bound of 0 and of 5 A 
(top scale). The guest population is plotted as a function of the reduced time 
for the two different lower integration bounds. The curves obtained for the 
two different lower bounds were virtually indistinguishable except for the 
magnitude of the time axes. The dashed line represents an exponential decay 
function. 

While Fig. 2 shows that @ (O,t) is not an exponential 
function, the deviation from exponentiality is only on the 
order of the. noise seen in our experimental time-resolved 
spectra. This deviation from exponential behavior was ex­
pected31

-
33 and did not change significantly when we subse­

quently modified the LAF-I model. Since our goal was to 
interpret our experimental results, we used our laboratory 
data analysis procedure to quantify our theoretical calcula­
tions. To do this we calculated (jK 10,t ) over the time range 

A A 2 
corresponding to (]K (O,t = 0) to (]K (O,t ) = 1/ e . We then 
used least squares linear regression to fit the calculated 
points to an approximate exponential decay function with a 
trapping rate constant of k. 

Figure 3 compares the experimental data to the results 
which are obtained from the LAF-I and BS models. The best 
fit with the data is obtained when using the LAF-I model 
with € = 8.6 and with Tnn = 10 ns. In all cases, the effect of 
changing T nn was to cause the theoretical curves to be uni­
formly translated in the vertical direction on a log[k] vs 
log[ Cg ] plot. The nearest neighbor naphthalene triplet trans­
fer time is usually thought to be on the order of 10 to 100 pS34 
rather than 10 ns. While it is true that there is some ambigu­
ity in how this transfer time is defined in various papers, it is 
not likely that either this ambiguity or the differences in tem­
peratures for our experiments and those of the von Burg et 
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FIG. 3. Comparison of experimental data with standard theories. Experi­
mental: The triangles are the data for C.lCg=1 X 10-3

; the circles are for 
C.lCg=2X 10-4

; and the squares are for C.lCg=4X 10-5 (from Ref. 8). 
The hollow data points are for 1.8 K while the solid data points were ob­
tained at 15.5 K. The two sets of data were taken on different days in ditrer­
ent cryostats. Theoretical: The solid lines are for the two-body LAF-I model 
and using the incoherent value of E = 8.6 for Eq. (5); the dot-dash line is the 
two-body LAF-I result using the coherent value of E = 4.3; and the dashed 
line is the BS result with E = 8.6. There are two LAF-I results based on 
E = 8.6. The top curve assumes that 1'(nn) = 100 ps. The lower curve as­
sumes that 1'(nn) = 10 ns. The two E = 8.6 LAF-I curves are identical ex­
cept for a uniform vertical translation. The BS result is shown for 1'(nn) = 56 
ns. The E = 4.3 LAF-I result assumes that 1'(nn) = 18 ns. With the excep­
tion of the 1'(nn) = 100 ps LAF-I curve, the 1'(nn) values were chosen to give 
the closest agreement with the experimental data. The best fit with the data 
is provided by the LAF-I model with E = 8.6 and Tjnn) = 10 ns. 

al. experiments34 will account for the two orders of magni­
tude discrepancy in hopping time. Similarly, it is not likely 
that the trapping efficiency 7Jt [Eq. (7)], deviates by a factor 
of 100 from a value of 7J t = unity. 35 Figure 3 also shows the 
result that is obtained when the coherent value of E = 4.3 is 
used with the LAF equations. This result should not be tak­
en too seriously, however, since we are applying a coherent 
parameter to what is an incoherent transport model. 

Figure 3 plots experimental data for both 15.5 and 1.8 
K. For a given crystal, the two data were obtained on differ­
ent days and in different cryostats. Raising the temperature 
increases the quality of the agreement between theory and 
experiment slightly. This is not surprising since LAF solve 
the master equation for the high temperature limit. 

V. COMPARISON OF EXPERIMENT TO MODIFIED 
THEORIES 

A number of assumptions were made in deriving the 
equations used in Fig. 3. We have made several modifica-

tions to the original LAF-I and BS theories in order to test 
these assumptions. This section will discuss the results due 
to changing the limits of integration used in the continuum 
model as well as varying the trapping efficiency. The suc­
ceeding section will discuss the result of changing from a 
continuum to an underlying lattice model. 

One major assumption in both the BS and LAF-! mod­
els is the definition of the configurational average in Eq. (2). 
This equation says that we are to find the average of the 
transport function as we integrate the position vector of the 
k th guest site across the entire space. Since by definition 
there is already one guest site at the origin, it is more realistic 
physically to forbid the k th guest site from occupying a posi­
tion less than the crystallographic nearest neighbor distance 
from the origin20 

(6) 

Changing the lower bound of the integration from 0 to 5 A 
provides a significant improvement in the best fit value of 
'T"" relative to an expected value of 'T"" ~100 ps (Fig. 4, 
dashed curves). The problem with using the origin as the 
lower bound for the integration is that transport becomes too 
efficient owing to the rapid transfer between sites which are 
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6. 

0.2 

a: 'It:: 0.1 

b: 'It:: 1.0 

c: '1t=10.0 

-lo"'dr 
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- 0.8 

o 
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Cg 
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-OA 
log C g 
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FIG. 4. Influence of the trapping efficiency on transport. Experimental: see 
Fig. 3. Theoretical: The solid and dashed lines refer to using a lower integra­
tion bound of 0 and 5 A, respectively, for the modified LAF-I two-body 
equations. These integration bounds were used with three different trapping 
efficiencies '1/" as defined by Eq. (7). All of the curves are based on E = 8.6 
and 'Tn. = 100 ps. 
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less than 5 A apart. [UsingEq. (5) withE = 8.6 and rnn = 5.1 
A the superexchange rate constant at the origin is 
w(r = 0) = 5431w{r = r nn). For multipolar transfer, w(r) in­
creases to a singularity as r is decreased to 0.] In order to 
compensate for the increased transport efficiency, one had to 
slow the overall process via the 'Tn" scaling parameter. The 
introduction of a cutoff distance is neither trivial, nor does it 
introduce an adjustable parameter. The cutoff is similar to 
that which has proven invaluable in the Debye theory of heat 
capacity, and the nearest neighbor distance is a well-defined 
crystallographic quantity. 

Another way of demonstrating the dependence on the 
lower bound of the configurational average integral is 10 look 
at the time decay of the calculated guest population, (]8 (O,t ) 
in Fig. 2. The bottom abscissa is the reduced time scale for 
the case ofintegrating drk from the origin and the top abscis­
sa is t /T"" for the case of beginning the integration at 5 A. 
With the exception of the difference in the magnitude of the 
two reduced time axes, the curves calculated for a lower 
integration bound of 0 and of 5 A are virtually indistinguish­
able, within the errors introduced by the inverse Laplace 
transform method. If we interpret t / 'Tn" as being the approxi­
mate number of steps in a random walk, since 'T nn is the 
naphthalene nearest neighbor transfer time, then the lower­
bound-equal-to-zero data are such that 84 steps are needed 
for the guest exciton population to decrease to 0.1. (In actual­
ity, 'Tn" has no physical meaning when the continuum ex­
tends to the origin other than as the transfer time for a ran­
domly chosen distance.) This value is unrealistically low 
since Cs = 10-3 mole fraction implies that an exciton must 
visit an average of 1000 sites before it will find a trap site. 
Furthermore, due to site revisitation a random walker will 
require more than 1000 steps to visit 1000 sites. When the 
integration begins at 5 A, then the data in Fig. 2 imply that 
5630 steps are required to find a trap site. Our comparison of 
the KR vs C curves for the two lower integration bounds g 

(Fig. 4) was based on our experimental data and on our ex-
pecta~ons of what 'T "n should be for naphtha~ene. The a~aly­
sis of (]8 (O,t) vs t (Fig. 2), on the other hand, IS based enttrely 
on theoretical considerations. The two types of analysis are 
consistent with one another relative to the inadvisability of 
using the origin as a lower integration bound when describ­
ing transport on a lattice. 

A second variation which we made on the preceding 
results was to remove the restriction that the guest-to-guest 
and guest-to-trap transfer rates are the same for equal separ­
ation distances. This is not a modification to the LAF-I mod­
el since it was only in our implementation of their equations 
that we said that the two would be kept equal. The multipli­
cative factor which relates the two transfer rates is the trap­
ping efficiency 7], . 

'Tnn (g_s) = 7], X 'Tn" (g-g). (7) 

Figure 4 compares the LAF-I and our modified ~AP-I t~o­
body continuum results for three different trappmg efficlen­
ies, '1/t = 0.1, 1.0, and 10.0. The trapping efficiency i~ likely 
to be on the order of2 to 4.42.56 As Fig. 4 shows, changmg the 
trapping efficiency by a factor of 10 does not have a large 
effect on the calculated transport rate. 

VI_ CONTINUUM VERSUS LATTICE 

In the two preceding sections we were able to obtain a 
reasonable agreement between our experimental data and 
our modified LAF-I solution to the master equation. Unfor­
tunately, these sections also demonstrated that it is difficult 
to obtain precise transport data by comparing theory and 
experiment, due to the number of variables which are pres­
ent in the experimental system and the number of assump­
tions that are made in the theoretical calculations. 

Until now, we have ignored the most severe assumption 
in the LAF-I and BS models, i.e., the question of transport in 
a continuum rather than on a lattice. The definition of the 
configurational average in Eq. (2) assumed that each of the 
guest sites can lie anywhere in space, except as limited by the 
dimensionality of the system. In the crystal, the positions of 
the naphthalene molecules are restricted to residing on an 
underlying ordered lattice. This means that we should re­
place an integration over all space with a summation over all 
lattice points: 

r drF(r)-.!12:f(rm ), In m 
(8) 

where m is a lattice point index and IJ is the lattice volume, 
area, or length, depending on the dimensionality of the sys­
tem. 

The problem with inserting this transformation directly 
into the BS and LAF-I models is that neither model excludes 
two molecules from occupying the same point on a discrete 
lattice. This is not a problem when dealing with infinitesimal 
integration points. Blumen and Manz36 (BM) have intro­
duced lattice equations which can be inserted into the BS 
model. Modifying the LAF-I equations to give a lattice rath­
er than continuum result is more difficult than modifying the 
BS model. Loring, Andersen, and Faye~7.38 (LAF-II) have 
extended the LAF-II model to account for transport on a 
lattice. Unfortunately, the GAF model solves for the trans­
port problem, not for the LAF-I trapping/transport prob­
lem. While it is possible to relate the two theoretically, in 
practice, the translation between the two is not simple. As an 
alternative, we chose to ignore the double occupancy prob­
lem and replace the LAF-I integrations with summations. 
The double occupancy problem was partially compensated 
for when subsequently normalizing the total probability 
with Eq. (8) in Ref. 43. At the end of this section we will 
demonstate that we get similar results to the lattice calcula­
tions by Loring et 01.37

•
38 

Figure 5 compares the BS and the modified LAF-I lat­
tice results to the experimental data. [We used the individual 
matrix elements shown in Fig. 1 rather than using the iso­
tropic equation, Eq. (5)]. Both models give results which are 
dominated by a plateau in the transport rate above Cg ~0.4O 
mole fraction. Because of the similarity in results from the 
two theories, it is highly unlikely that the inflection point in 
the modified LAF-I result is due merely to the double occu­
pation problem. Furthermore, using the LAP-I three-body 
equations7.39 (with r2 #r3 ) rather than the two-body equa­
tions (used elsewhere in this paper), made the problem worse 
instead of better. The existence of a transport plateau for 
Cg > 0.40 is likely due to the large difference in transfer rates 
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FIG. 5. Transport on a lattice. Experimental: 1.8 K; see Fig. 3. Theoretical: 
The solid line is the modified LAF-I two-body lattice result; the dashed line 
is the modified LAF-I three-body lattice result; the dot-dash line is the BS 
lattice result for the case where back transfer to the origin in neglected; and 
the cross-dash line is the BS lattice result allowing for back transfer. All of 
the curves are based on the square of the superexchange matrix elements 
shown in Fig. 2 and with the lattice summations and products carried out to 
the 48th-nearest neighbors. T •• was assumed to be 100 ps. 
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for nearest, next-nearest, and third-nearest neighbors (cf. 
Fig.1). 

The lattice calculations in Fig. 5 were made by includ­
ing superexchange transfer out to the 48th-nearest neighbors 
in naphthalene. In order to probe our lattice results further, 
we did similar calculations for the case where transfer is 
limited to nearby sites. Figure 6 shows the results for n = 1, 
2, 3, and 48, where n is the number of neighbor lattice shells 
used in the transport calculations. We choose n = 48 in or­
der to simulate the case where there are nonzero transfer 
rates to "all" of the guest sites on an infinite lattice. Figure 6 
plots these KR vs Cg theoretical data on both a log plot and a 
linear plot. Figure 6 also includes a superexchange LAF-I 
continuum result for the sake of comparison . 

There are several interesting features in Fig. 6. The lin­
ear plot demonstrates that the plateau behavior seen in Fig. 5 
translates into a linear concentration dependence for 
Cg > 0.40: K Rex: C g+ 1.0 as opposed to our experimental 
K Rex: C t 6.S. A second feature is the fact that there are criti­
cal concentrations below which KR is undefined. These criti­
cal concentrations are isomorphic with percolation critical 
concentrations. For n = 1, 2, and 3, the modified LAF-I 
critical concentrations for the naphthalene lattice are 
Ce = 0.499, 0.333, and 0.250, respectively. For a triangular 
lattice with n = 1 or 2 the critical concentrations are 
Ce = 0.333 and 0.167. For a square lattice with n = 1 or 2, 
Ce = 0.499 and 0.250. To a very good approximation all of 
these critical concentrations are consistent with an empirical 
relationship which depends only on the number of guest sites 
used in the lattice summation m: Ce = 21m. The Ce vs m 

0.7 1.0 

C g 

FIG. 6. Critical concentrations due to lattice. The solid lines are modified LAF-I two-body lattice results based on 7jnn) = 100 ps and on the square of the 
matrix elements shown in Fig. 2. The various solid lines were obtained using different values of n, where n is the number of neighbor lattice shells used in the 
calculations. For example, n = 2 means that only nearest and next-nearest neighbor transfer interactions were used. n = 48 was chosen in order to simulate 
the case where there are nonzero transfer rates to all of the guest sites on an infinite lattice.lfwe had continued the calculations to lower guest concentrations, 
however, presumably the n = 48 curve would also have a critical concentration. While the n = 2, 3 and 48 curves are barely distinguishable from one another 
on the linear plot, they are clearly separable on the log plot. The dashed line is the LAF-I two-body continuum result based on E = 8.6 and 7jnn) = 1.0 ns. The 
results are shown on both a log plot and a linear plot. 
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equation also agrees with the well known result40 that the 
long time limit for transport in a one-dimensional system 
which is limited to nearest neighbor interactions is nonzero 
only for the case of a pure crystal Cg = 1.0. An interesting 
feature of the Cc equation is that it does not depend on the 
relative transfer rates to the various m sites. This demon­
strates that the critical concentration is a function of the 
lattice statics rather than a dynamic property of the system. 

Korzeniewski, Friesner, and Silbey!8 (KFS) have done 
lattice calculations using the coherent medium approxima­
tion!7 and Loring, Andersen, and Fayer37,38 have done nu­
merical calculations using their LAF-II model. (Korzen­
iewski and Calef!9 have extended the coherent medium 
model, and done calculations, to include some cluster effects 
which are not included in the KFS model. Their results are 
limited, however, to the case of a random walker limited to 
nearest neighbor hops.) Both KFS and LAF-II observed a 
linear transport dependence on concentration similar to our 
results. They calculate the diffusion coefficient rather than 
KR ; but, as stated in Sec. I, the two should be proportional. 
KFS and LAF also observed the critical concentration phen­
omenon (cf. Fig. 6), with Cc values that are consistent with 
our values. The qualitative similarity between our results 
and the results based on the more complete KFS and LAF-II 
models, as well as our BM/BS results, seems to indicate that 
the discrepancy between our lattice calculations and our ex­
perimental data is not merely due to the non-self-consistency 
of our model. 

Weare left, therefore, with the inconsistency that our 
experimental data, which are obtained from naphthalene in a 
crystalline lattice, are more consistent with continuum than 
with lattice transport models. Our explanation for this incon­
sistency is that even though the guest sites do not lie in a 
continuum, the transfer rate constants do still lie in a contin­
uum. We can expand on this conclusion by pointing out that 
the symmetry of the lattice only enters most lattice models 
by limiting the incoherent pairwise transfer rate constants to 
a set of discrete values. If the transfer rate constants are not 
limited to a discrete set, then the LAF-I continuum model 
should be valid. There are several possible explanations for 
there being a spread in the transfer rate constants for two 
sites separated by a given distance. One is that the transfer 
rate depends not only on the position of the two sites relative 
to one another, but also on the local environment of the sites. 
(This will be discussed further in the next section.) A second 
explanation is the possibility that the excitons are not always 
strictly localized on one guest site. 

VII. INFLUENCE OF LOCAL ENVIRONMENT ON 
TRANSPORT 

Models such as those presented by Loring, Andersen, 
and Fayer and by Blumen and Silbey consider only the first 
order effect of having a randomly mixed lattice: decreasing 
the guest concentration increases the average guest site se­
paration distance. Even at this level of approximation solv­
ing the master equation is formidable due to the problem of 
correctly averaging all of the possible guest and trap site 
distributions. A higher order effect which the LAF and BS 
models do not take into consideration is the influence of the 
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FIG. 7. Trapping probability vs reduced concentration. C (112) is defined as 
the concentration corresponding to P = 0.5. Experimental: Circles are 1.8 
K data; Triangles are 4.2 K data. Theoretical: The solid and dashed lines 
correspond to percolation and the Loring and Payer calculation, respective­
ly. The dot-dashed line was calculated using the Blumen and Silbey model. 
The Blumen and Silbey and the Loring and Fayer curves assume octupole­
octupole transfer within a two-dimensional continuum. The experimental 
data and the percolation and Blumen and Silbey curves were calculated us­
ing CJCg = 0.001. The Loring and Fayer curve kept C. constant at 
Cs = 0.001. Changing the Loring and Fayer curve to account for a constant 
CJCg ratio would only add a small correction. As a comparison, if the 
Blumen and Silbey equations were calculated using Cs = 0.001 then the 
result would lie halfway between the dot-dashed and the dashed lines for 
Cg /C(1I2) < 1.0. For Cg /C(1I2) > 1.0, the result is essentially identical to 
the Loring and Fayer curve. The percolation curve is based on a square 
lattice with transfer limited to nearest neighbor jumps. See Ref. 42 for a full 
discussion of how the experimental and theoretical results were obtained. 

surrounding guest and host sites on the individual pairwise 
transfer rates. 

Although the local environment has only a small effect 
on our 1.8-15.5 K triplet results, i.e., requiring the use ofa 
continuum rather than lattice model, it has a large effect on 
the naphthalene singlet transport for the same temperature 
and concentration ranges. This can be seen in Fig. 7, which 
was taken from Ref. 42. The singlet data are given in terms of 
the trapping probability P. This is the probability that an 
exciton will find a trap site within the exciton lifetime 'Tg • P 
can be related to the kinetic trapping rate constant, used 
elsewhere in this paper, via 

k 
P=----

k + 'T
g
-! 

(9) 

P can be found experimentally42 by measuring the relative 
guest and trap fluorescence intensities. Also, Loring and 
Fayer43 show how P can be calculated using the LAF-I mod­
el. 

Reference 42 gives a full discussion of the experimental 
data in Fig. 7 with respect to the LAF-I model, the BS model 
and percolation. What is important for the current discus­
sion is that when the temperature was lowered to 1.8 K, the 
singlet transport showed a much stronger dependence on 
guest site concentration than could be explained by the stan­
dard LAF-I model. None of the modifications described pre­
viously, i.e., changing the trapping efficiency, changing the 
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integration bound or doing a lattice calculation, gave a sub­
stantially better fit with the experimental results. The 1.8 K 
singlet data did give a reasonable fit with the predictions 
made by a percolation modelS I-53 which limits excitons to 
moving within the boundaries of the guest site clusters. 

Our explanation for the singlet data is that as we lower 
the temperature and/or guest concentration, the rate of 
transfer from site ito sitej is no longer the same as that in the 
reverse direction, i.e., wij i= wji' This happens when the ther­
mal energy becomes small relative to the energy mismatches 
between guest sites. In mixed crystals, the energy mis­
matches are primarily the result of the random distribution 
of finite guest cluster sizes. In general, the more guest sites 
which belong to a cluster, the lower is the minimum exciton 
energy state of that cluster. In a Cg = 0.30 mole fraction 
crystal, the weighted average of singlet energy mismatches 
between clusters is <5~5 cm- I.28 At low temperature (i.e., 
singlet excitons at 1.8 K) the excitons will rapidly cascade to 
the lowest lying clusters where they are subsequently con­
fined by the cluster boundaries. 

In addition to detailed balancing, the energy mis­
matches which arise from the guest site clusterization affect 
transfer through quantum mechanical considerations due to 
exciton-phonon damping. Parson and Kopelman48 have 
shown that even in the high temperature limit, transfer from 
a dimer to a monomer, or vice versa, is slowed down as the 
energy splitting of the dimer increases. They derived this 
energy mismatch effect by applying the Haken and Strobl49 

stochastic model for exciton dynamics. Like the detailed ba­
lance effect, this quantum mechanical attenuation of the 
transfer rate between clusters should play an increasingly 
important role in the transport as the guest concentration is 
reduced, i.e., as the breaking up into clusters and the average 
energy mismatch are increased. 

As we have seen, triplet excitons under similar condi­
tions (T = 1.8 K, Cg = 0.20-0.70 mole fraction) do not show 
signs of cluster confinement. The smaller bandwidth of the 
triplet (10 cm - 1 vs 150 cm -I for the singlet) means that one 
must go to a much lower temperature before the thermal 
energy decreases enough to be on the order of 8. The alterna­
tive is to reduce the guest concentration. As the average clus­
ter size decreases, the average energy mismatch for the clus­
ters increases. This cluster size dependence on concentration 
may explain why we did not observe triplet exciton cluster 
confinement for Cg > 0.20 crystals whereas previous work 
on Cg < 0.20 crystals did show a sizeable deviation from dif­
fusion, or homogeneous kinetics.44-47 The Cg dependence is 
further enhanced since decreasing the guest concentration 
also slows down the overall transport rate until it is on the 
order of the natural lifetime of the exciton. 

VIII. SUMMARY 

In summary, we have analyzed our data with three ver­
sions of the LAF-I theory, as well as with the simpler Blu­
men-Silbey and Blumen-Manz theories. We found that the 
original continuum version of the LAF-I theory gave a fairly 
good description of our data for a hopping rate considerably 
smaller than the generally accepted value. We conjectured 
that this problem was due to a physically unrealistic contri-

bution from transfer events involving molecules separated 
by less than a molecular radius. Following a procedure com­
mon in lattice-statistical problems54 previously applied in 
this context by Haan and Zwansig20 we inserted a short dis­
tance cutoff on the transition rate. We found that a cutoff 
corresponding to the known intermolecular spacing allowed 
the data to be fitted with a transfer rate reasonably close to 
the values suggested by independent experimental measure­
ments.34 Emboldened by this success, we tried to get even 
closer agreement by replacing the continuum by a lattice. 
Unlike our modified cutoff ofthe LAF-I theory, our lattice 
calculations suffer from internal inconsistencies: the averag­
ing procedure accounts for excluded volume effects but the 
quantities averaged do not. However, we do not think that 
this inconsistency accounts for the qualitative changes in the 
theoretical prediction, since the same effects arise in the Blu­
men-Manz calculation. We believe, rather, that the shape of 
the theoretical KR vs C curve arises from the discontinuous 
distribution of hopping rates in the system; it is a highly 
rounded and smoothed analog of the percolation edge which 
occurs when the interaction range is not finite. 

Naturally, we cannot ascribe too much quantitative sig­
nificance to the lattice results, and we certainly do not expect 
a non-self-consistent theory to be able to interpolate through 
a genuine percolation edge. Very recently, Long et 01. have 
developed the trapping analog of the LAF-II self-consistent 
lattice transport theorr5; the application of this theory to 
our data will determine whether the inflection in the KR vs C 
is an artifact. Until then, our conclusions remain tentative. 
In the meantime, we propose that the difference between our 
experimental results and our theoretical lattice results is 
largely due to the distribution of site energies resUlting from 
the random clusterization of guest sites. 

Exciton transport in isotopically mixed molecular crys­
tals is a very challenging problem. Invariably any theoretical 
model which attempts to solve for the exciton transport pa­
rameters in such a system must include a number of assump­
tions to make the model tractable. While these assumptions 
may be oversimplified, modifying the assumptions and com­
paring the calculated results to experimental data can be a 
valuable tool for understanding excitons in disordered me­
dia. 
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