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A theoretical study of incoherent transport and trapping of electronic excitations in disordered one- and two-dimensional systems is carried oat. These systems contain randomly dism%lited donor and trap species. Transport is descriied by a
master equation. The diagrammatic expansion of the Green function developed by Cochanour, Andersen and Fayer is ap
plied to this problem, and experimentally observable transport properties are calculated. The calculation of the relative integrated trap emission is described, and the effect on this observable of changing the distance dependence of the intermolecular transfer rate is discussed. The model is shown to accurately describe the results of experiments by Kopelman and coworkers on singlet energy transport in mixed naphthzlene crystals.

I. Introduction
In 2 recent paper, here2fter referred to as I, Loring
et al. [I ] presented 2 theory of the transport 2nd trapping of electronic excitations in a two-component
disordered system. Paper I is an extension of the work of
Gochanour, Andersen, and Fayer (hereafter referred to
as GAF) who treated electronic excited state energy
transport in a one-component
system of randomly distributed particles [2]_ In the GAF theory, transport is
incoherent and is described by 2 master equation. A
diagrammatic technique is used to obtain 2 hierarchy
of self-consistent approxirmations to the system’s
Green function, from which transport properties such
as the time-dependent
generalized diffusion coefficient
can be calculated. The GAF formalism, and its extensions to include trapping are applicable to any dimensionality and intermolecular
transfer rate. Specific results for the threedimensional
trapping problem with
species interacting via a Fiirster dipole-dipole
interaction [3] were presented in I.
In many molecular crystals, the excitation transfer
interactions are highly anisotropic and energy transport is approximately
one or two dimensional. Systerns in which the intermolecular interactions are close
to one dimension d include 1,&iibromonaphthalene
[4] and tetrachlo;obenzene
[S]. Kopelman and co0301-0104/82/0000-0000/S
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workers have carried out extensive investigations of
both singlet [6-S] and triplet 1691 excited state energy transport and trapping in mixed naphthalene crystals, 2u approximately
two-dimensional
energy transport system [6,7,10]. Triplet enerw transport and
trapping in another two-dimensional
system, pyrazine,
have been studied by Zewail and co-workers [l I].
In the present work, we apply the formalism of I to
one- and two-dimensional
systems of static, randomly
distributed donor and trap species. Excitations are transported from donor to donor and donor to trap, but detrapping is excluded. In section 2, we briefly review the
modifications
of the GAF theory presented in I. Section 3 contains the applications of this theory to oneand two-dimensional
systems. We also show that within our self-consistent approximation
transport becomes
diffusive in the long-time Iimit for one- component,
one- and two-dimensional
random systems with a dipolar transfer rate. In section 4, we compare our theoretical results to data from the steady-state experiments of Kopehnan et al. [6-103 on mixed naphthalene crystals, and consider the question of percolation.
It is found that the master equation approach presented here can accurately describe the naphthalene singlet
data, provided an octupole-octupole
interaction is
used. Furthermore,
if an intermolecular
interaction
which terminates abruptly with distance is used, as is
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necessary to be consistent conceptually with the original formulation of the site percolation problem [ 121,
the data cannot be reproduced. Section 5 contains
our conclusions.

2. The master equation

and Green function

The system consists of N donor molecules and M
trap molecules randomly distributed in a volume !i’k2,
with number densities pD and pT, respectively. The
donor molecules are labeled 1 throu&N,
and the trap
molecules N +- 1 through A’+-AI. The probability
that
an excitation is on thejtb molecule in configuration
at time r, p$?, t), satisfies the
R = (‘17 ‘2. ’ . q$r+L%f)
master equation [ 1,2]

G(r,r’,

r) = GS(r-r’,r)

G"(r--i,

t) i- GT(-‘, t)- (2)

The integral of G”(r--r’, t) over a small volume about
r’ gives the probability that the excitation is on the initially excited site at time t. G”(r-r’,t)
and GT(r-r’,
r) are measures of the probability of fmding the excitation on a donor site other than the initial one, and on
a trap site, respectively.
It is most convenient to work with the LaplaceFourier transform of the Green function, given by

G(k,E) = j:

eedjck

eibar

i;(r, t).

0
Transforming the forma! solution
tion gives [ 1 J]
C?(e) = ([(eY- &I

The distance-dependent
transfer rates between two
donor molecules and a donor molecule and a trap molecute are given by wjk(rik) and uj&).
The transfer
rates are taken to be independent of orientation and
only dependent on distance. For a random system, the
use of an orientation-dependent
transfer rate wti not
change the form of the results, but will make small
numericd differences [ 13 J_ u>i is defied to be zero.
The donor-donor
transfer rate is assumed to be symmetrrc: ~r;-~ = 1~~~.rl) and rT are +he measured hfetimes of the ercitation on the donor and the trap, respqciively, in the absence of intemrolecular energy
transfer. For convenience, we first consider a system
in which the excitations are infinitely Iong lived. From
these results, the transport properties of a system in
which the excitation has finite lifetimes on the donor
and trap species may be easily calcuiated.
Our goal is the calculation of the Green function,
from which the system’s transport properties can be
calculated. The Green function G(r, r’, t) gives the conditional probability of fading an excitation at position
r and time t. given that it was at position P’ at f = 0.
G(r, t’, r) can be written as the sum of three terms [I,2]: :

+

for the Green func-

u>.

(4)

~m(k,E)=(~V-l)(exp(ik~ri2)[~~-_)-1j21),

(5)

eT(k,

(6)

e) =~~Z{exp(ik.rl~~+l)[(~-Q)-lll\ri.l,l),

where I is the unit matrix, and the brackets denote a
configuration average over the positions of all donors
and traps.
The matrix Q is defmed by

Qjk = 0,

k>N_

(7)
When -;he matrix (&- Q)-’ is expanded in powers
of e and Q, Eqs. (4 j(6)
become infmite series of integrals of products of rvjj and uji transfer rates. Each
integral can be represented with a diagram [2]. The
self-consistent approydmation to the Green function is
carried out as follows [ 1.2 1. The r!?(k, e) diagrammatic series can be rewritten in terms of a subset of
dm(k, e) diagrams from which aU other Gm(k, e) diagrams can be generated. This simpler series, x(/c, d’(e)),
is a function of G;“fe)_ Similarly, the diagrammatic series f&r eT(&. e) may be generated from a simpler series, i;(k, E, t?(e)& also a function of G’(e). The relationship between I?#, E, C?(e)) and CT@, e), and

141

RF. Loring, MD. Fuyer/EIectronic excited state transport and trapping
x(k, c”(e)) and cm (k, e) together with the fact that
the integral of the complete Green function over the
system volume must be unity gives rise to a self-consistent equation for G”(E). Our approach is to approximate the diagrammatic series for &,6s(e))
and F(k,
15,@(E}) in terms of C+(e), solve for GS(e) self-consistently, and then use this value of C?(E) in our approx-

imate n”<k, e’(e)) and %Jc, E, ES(e)) to generate
cm&, C) and CT@, E). In this work we will use the
“two-body” approximation
to &k, E, $(c)) and F(&,
E, G’(e)) described in 1. It must be emphasized that the
“two-body” approximation
is not the first term in a
density expansion, but rather an approximation
containing an infinite number of high-order diagrams.
From our previous work, we expect the two-body results to be physically realistic for all times and concentrations, but to be most accurate at short times and
low concentrations.
The self-consistent equation for
G’(e) is [1,2]
@S(E)]2 + [F(O, E, C?(E)) - l/e] i;s(E)
-I-Z(0, C?(E))/E = 0.
The two-body
r(k, E, d’(e))
a”ck, +(E))

(8)

approximations
are given by

to @,

G’(E)) and

&D(O,e) = [i;s(E)]2/
p?(e) - X(0,z;ye))].

The inverse transform of this function gives the probability that an excitation is somewhere in the donor
ensemble. For a reaI system, in which the excitation
has a finite lifetime on the donor species, the inverse
transform of eq. (11) should be multiplied by a decaying exponential. The Laplace transform of the probability that an excitation is on a trap, for a system with
finite donor and trap lifetimes, was also given in I:
13T(~)=[1-(e+k~)cD(0,~+kD)]/(~+kT),

s

trap lifetimes, respectively.

3. Transport

properties

of one- and two-dimensional

random systems
Consider a one-dimensional system of randomly distributed donors and traps having multipolar excitation
transfer rates. The donor-donor excitation transfer
rate W(T) and the donor-trap excitatiou transfer rate
u(r) are given by:
W(r) = (R DD/r)?z/rD,

=pD [E”(E)]*

drexp(ik-r)

X Jdr

(12)

where kD and kT are the inverses of the donor and

u(r) = (RDT/r)m/7D,
X

(11)

wir)
1 + 2@e)

exp(ik*r)

w(r)’

W)
1 + C?(E) u(r)’

(9)

(10)

where w(r) and V(T) are the donor-donor
and donortrap transfer rates and pD and pT are the donor and
trap number densities [ 1,2].
The probability that an excitation is on a donor at
a given time after the system has been excited can bk
measured directly in time-resolved studies of ener,y
transport. We define GD(r, t) as the probability that
an excitation is on some donor site at position r and
time 1. Since the excitation may be either on the initially excited donor site or on another donor site,
GD(r, f) must be the sum of GS(t) and Gm(r, r). The
k = 0 limit of the Laplace-Fourier
transform of
GD(r, r) is given by

(13)

where ‘D is the measured lifetime of the excitation on
the donor in the absence of energy transport. The
strengths of the donor-donor and donor-trap interactions are characterized by RDD and RDT, respectively.
RDD(RDT) is the interparticle separation at which the
rate of excitation transfer from an excited donor to a
donor (trap) equals the rate of all other excited state
decay processes. Substituting eq. (13) into eqs. (9) and
(IO) gives
x(0, G’(e)) = (CD/#)
x

Pm1

l+l/JZ,l/n-1

-

F(0; E, S(E)) = (cT/+/“z)
x [c”(E)] l’mle,

[(n/?z) csc (r/n)]

,

’ (14)
[(x/m) csc (Ir/nt)]
05)

where CD and CT are reduced donor and trap concentrations given by

CT = 2RD=pT_

CD = 2RDDpD _

(16)

For dipo!e-dipole
transfer ?:I = n = 6, and the R parameters in eq. (13) become RgD and RF', inaccordance
with the notation of Fbrster [3]. For this case, the seIfconsistent equation, eq. (S), is a sixth-order algebraic
equation in if?(~)] l/6:
(CT f 2-“/Q,)

d;(E) + (n/3@)
x [+(e)]L’6

- l/E = 0.

(17)

This equation has two real roots, only one of which results in a decreasing fmction of time, which is necessay to be consistent with tfle definition of k’(e). If
this result for d’(o) is substituted into eqs. (14), (1 l),
and (12 j. the donor and trap excitation dynamics can
be calculated.
The generalized diffusion coefflcient,D{r,
r) and
mean squared displacement cf the excitation, k’(t))
can be calculated from the Green function as described by GAF.. The Lap!ace transform of the mean squared dispIacement is related to the k = 0 LaplaceFourier transform of the diffusion coefficient by
Q (E)) = (I/El) k(O,E).

(1s)

where I equals 6,4. or 2 for transport in 3,2. or 1 dimensions. If transport were diffusive at all times,
b(O, E) would not be a function cf E. For transport to
become diffusive in the long-time limit, the following
limit mus: exist:
el$ll rj(O. E) =&o.

0).

(19)

Gochanour et al. [2 ] showed that this limit exists in
their self-consistent approximation
for a one-component random system in three dimensions with dipoledipole interactions. I? was shown in I that the limit in
eq. (19) is zero for a system with traps, since at long
times all excitations wili be tmpped. Fijrster [3] showed that dipole-dipole
energy transfer on a three-dimensional one-component
lattice is diffusive, and calculated diffusion cons:ants for several lattice types.
The two-body diffusion constant cakulated by GAF
for the random system has the same functional form
as Fktrr’s
result with a numerical coefticient that is
18% larger than the result for a cubic lattice.
We find that for a one-component
system (C-r = 0)
of randomly distributed particles in one dimension

with dipole-dipcle
interactions, the limit in eq. (19)
e.xists. Transport is in general not diffusive, but a diffusion constant exists in the long-time limit:
&O,E)

=0.18s

CD(RFD)'[&S(&'2,

.'$I*
b(O,E)=b(o,0)= 0.0376 C$(R;D)2/iD.

(20)
(21)

We also carried out a calculation analogous to that of
Fijrster for a onedimensional
“lattice” of evenly
spaced sites. The resuit is
D = 0.0676 C$

(RFD)"/7D.

(22)

Again, the concentration
dependence is the same for
the random system and the lattice, but unlike the
three-dimensional
case, transport for a given reduced
concentration
is more rapid on the lattice than in the
random system. In a random system, transport will be
slowed when an excitation reaches a region of low local density. One would expect this effect to be much
more pronounced in one dimension, where an excited
particle has only two near neigbors, than in t-wo or
three dimensions.
We now consider a two-dimensional
system ofrandomly distributed donors and traps, interacting with a
multipolar transfer rate feq. (13)] _Eqs. (9) and (10)
give
A(0, +(e))

= 77/)1
_@/?I) csc (2rr/n) rE-3111

x CD @s(c)] l+WJ)
f(0,

(23)

E, dS(E)) = (2ir/m) CSC(2ii/??l) rs2’m
x C-/

(24)

[E”(&“?r,

where CD and C, are reduced concentrations

defined

by
CD=

n(RDD)'pD,

CT =a(RDT)'pT.

(25)

For dipole-dipole
transfer, the self-consistent equation, eq. (8), is now cubic in [$(E)]~/~ with one real
root:
6”(E) + (2 l/3,/33/%$3,)
x

tmdl UC l/c = 0.

(CD + 2’k*)

(34

From the solution to eq. (26), the system’s transport
properties can be calculated in the two-body approximation as discussed above.
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By setting C, to zero in eq. (26), we can calculate
properties of a one-component
system. We findthat
transport becomes diffusive at iong times for the onecomponent, two-dimensional
random system with
dipole Interactions:
b(0,

E) = [d’,

,FO

~(O,E)

(R;D)‘/~g324/333/2]

[&“(E)]-‘/~,
(27)

= h(0,

Oj = 0.183

(RFD)2SD/~D

_ (2s)

A diffusion constant calculation for a two-dimensional
square lattice and a dipole-dipole
interaction using
Forster’s approach yields

_

D = 0.153 (R~D)ZC;/rD

w

As in the three-dimensional
case. discussed by GAF,
the concentration
dependence of the lattice diffusion
constant is the same as for fi(O, O)? with @O, 0) having
a slightly larger numerical coefficient.
In iig. IA, we show the function G”(r), the probability that an excitation is on the Initial site in the
two-body approximation
for Fijrster dipole-dipole
transfer. Curves 1,2, and 3 are G”(t) for one, two, and
three dimensions, respectively, for CD = 2.0 and CT
= 0.5. The reduced concentration
CD (Cl-) gives the
average number of donors (traps wrthm a distance
d . .
RgD(RzT)
of a given donor. G (t), the probability
that an excitation has not been trapped, is shown in
fig. 1B for the same reduced concentrations.
Again
curves I_ 2, and 3 are for one, two, and three dimensions. For a given pair of reduced concentrations,
trapping is much faster in one dimension that in two or
three. Inverse Laplace transforms for fig. 1 were carried
out numerically using the Stehfest method [14].

4. Application
percolation

1.0

4
1,
1)

GD (

0.4
”

B

c,= 2.0

c,= 0.5

,\‘.#

!\

3

*

v&
dl

’

0.4

---To
t/rD

*

Fig. 1. (A) The time-dependent
probability that an excitation
is on the initial site in the two-body approximation
for dipoledipole transfer in one dimension (cwve l), two dimensions
(curve 2), and three dimensions (curve 3). Reduced concentrations are CD = 2.0, CT = 05. Lifetime decay not incIuded.
(B) The time-dependent
probability that an excitation is in the
donor ensemble in the two-body approximation
for dipoledipole transfer in one dimension (curve 1). two dimensions
(curve 2), and three dimensions (curve 3). CD(t) is the inverse
Laplace transform
of ED(o, E), defied in eq. (11). Lifetime
decay not included. Reduced concentrations
are the same as
inA.
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to steady-state

experiments: exciton

Singlet and triplet energy transport and trapping in
an effectively two-dimensional
system (perdeuteronaphthalenejnaphthalenejbetamethylnaphthalene
(BMN) mixed crystals) have been extensively studied
by Kopelman and co-workers [&IO]. In these steadystate experiments, the integrated emission from the
naphthalene donors and the BMN traps is measured at
fured, very low trap concentrations
for a series of donor concentrations.
The results are best illustrated by
plots of integrated trap emission normalized by the total integrated emission (trap + donor) versus donor concentration. These plots show that transport to the
traps increases very slowly with increasing donor concentration until a criticai donor concentration
is reached at which trapping becomes very efficient, and a substantial fraction of the total emission comes from the
traps. As the donor concentration
is further increased,
the relative emission from the trap rises rapidly to unity.
This behavior is easily interpreted for a system with
low enough trap concentration
that most trapping
events must result from a series of donor-donor
transfers leading to the final donor-trap
transfer. At Iow
donor concentrations,
most excitations will be restricted to singIe donors or small clusters of donors. Since

the trap concentration
is low, little trapping wii occur.
As the donor concentration
is raised, a point will be
reached where paths of interacting donors leading to
all traps will be formed, aud most of the excitations
wiU be trapped.
The relative integrated trap emission, ‘(CD, CT),
can be calculated from the master equation Green function discussed in section 2. GD(r), the inverse Laplace
transform of GD(O, e) [eq. (1 I)], when multiplied by
exp(-k$),
gives the probability that an excitation
with donor lifetime k5’ is on a donor. The inverse
Laplace transform of eq. (12) gives@
t) the probabil-1 for
ity that an excitation with lifetimes k5 i> and kT
donors and traps, mspectively, is on a trap.Z(CD. CT)
is given by

Fe. 2. Tne mtio of intmted trap emission to total M-ted
emission for a two-dimensional disordered system with a l/r’*
transfer rate (curve 1). a l/r” transfer rate (curve 2), and a
l/.~~ tran&r rate (curve 3). These results are in the CT- 0
limit. F is the reduced donor concentration scaled by the concentration at which the rr?tio equals 05.

(31)
qT and qD are the trap and donor quantum yields
(ratic of measured lifetime to radiative lifetime), respectively, in the absence of energy transport. Substituting
eqs. (11) and (iZ> into eq. (31) yields
II(C,, , CT> =

k,GD(O,e=k,)

I+ ~I>G~(O, f=k~)(qD/qT

- 1)

-

(32)

We consider the experimentally
studied [6-10,151
limit (CT --f 0) of eq. (32) for a two-dimensional
disordered system wirh multipolar excitation transfer rates
as in eq. (13j. If nr = IZin eq. (13) the se!f-consistent
equation for c;‘(e), eq. (8) in the two-body app:oximation is an algebraic equation of order n2/2.Z(CD, CT)
is calculated by solving this equation numerically at
E = kD and using eqs. (I l), (23) and (32). In the C,
+ 0 limit. plots of I(CD, CT) versus Cc for different
C, and different valuzs ofqD/qT
can be represented
by a single plot of I(C), where ? is the reduced donor concentration,
IX@),
scakd by an arbitrary criterion. We shah take C to be the reduced donor concentration divided by the value of CD for which
Z(C,, C-r) = 0.5. In the CT Lh 0 limit, changing CT

does not change the shape of the curve, but merely
scales the CD axii. We find that for a dipole-dipole
transfer rate,Z(C) rises smoothly from zero to unity
without displaying the sudden onset of trapping which
is characteristic
of the naphthalene data. As the exponent in the transfer rate is raised from 6, I(?!) begins
to display the sharp inflection point shown by the data. The higher the ex onent, the steeper the curve becomes. Plots for l/r eP, I/~-lo, and I/r18 transfer rates
are shown in fig. 2. The l/rt4 results were found to
give the best fit to the singler naphthalene data [7], as
shown in fig. 3. The data were fit by assuming qD =qT
and RDD = RDT = R in eq. (32). Since the quantity
k, GD(O, E = kD) is independent of kD, R is the only
adjustable parameter. The BMN mole fraction in these
experiments was = 1Oe3 [73. If a BMN mole fraction
of 1 X 10-j is assumed, the resulting best value for R
isz8X.
Within the framework of our model, the existence
of a critical donor concentration
at which trapping
suddenly becomes efficient depends on the range of
the transfer rate. The longer-ranged.Fonter
transfer
rate does not display this behavior, whereas the l/r’s
rate does. If transport is governed by a long-ranged interaction, significant trapping can occur at relatively
low donor concentration.
To further investigate the effect of the range of the
transfer rate on the integrated trap emission, we have
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is to generate random configurations of donors, all corresponding to a fured donor concentration,
on a finite
lattice with a trap at the center, solve the master equation numerically for each configuration, and average
the results. The relevant quantity is the probability
that the trap is excited at infiite time. Their results
for an infmitely long-lived excitation on a 9 X 9 lattice
and transfer rates which are non-zero only for species
occupying adjacent sites are reproduced in fig. 4A
(dashed curve). In our notation this quantity is
hnQW.3 CT(t). For transfer rates of infinite range,

X DONOR

F&. 3. The ratioof integrated trap emission to total intearaied

emission for sindet naphthalene, redrawn from ref. [7] JCdonor
of naphffialene and XtraP is the mole
fraction of betametbylnaphthatene QMN) in a perdeutcronaphthalene/naphthalene/B~fN mived crystal. The solid line
is our theoreticatZ(CD, C-f) [eq. (32)] for a l/rr4 transfer
rate. See text.
is the mole fraction

considered the case in which the donor-donor
transfer rate to(r) and the donor-trap
transfer rate U(I) are
of the following form:
w(r)=S,
=O,

u(r) = s,

= 0,

r<d,
r>d;

r<d,
r >ci.

(3%

These transfer rates are parametrized
by two quantities:
d, a ma_ximum interparticle
separation for which the

rate is finite, and S, the magnitude of the rate relative
to the donor lifetime. This type of transfer rate is conceptually consistent with the original formulation of
the site percolation problem [ 121, in which parts of a
lattice are either connected or not connected, and in
which there is nothing corresponding to the inftite
range tail of a multipolar transfer rate.
The relation of the static site percolation problem
to energy transfer dynamics of species distributed randomly on a lattice has been discussed in detail by
Keyes and Pratt [16]. They argue that the solution of
the master equation [our equation (l)] for an infmitely
long-lived excitation and donor-donor
and donortrap transfer rates of finite range can be transformed
into the solution of the percolation probiem. Keyes
and Pratt solve the master equation numericahy for a
fmite two-dimensionaf
square lattice. Their procedure

0-o .

XDONOR

.

Fig. 4. (A) Probability that a trap is excited at infiiite time
for an e.ucitation with inftite lifetimes on trap and donor.
Dashed curve is reproduced from ref. [16 ] for a 9 X 9 square
Iattice with a trap at the center and nearest neighbor interactions only. Solid CUIW is our two-body result for an in&dte
two-dimensional
random system with the transfer rates of eq.
(33) far the corresponding donor and trap concentrations.
The
transfer rate ranged in eq. (33) is equated to the lattice spacing.
(B) The ratio of integrated trap emission to total inte_grated

emission,Z(C~, CT), for an infinite twodimensionaf random
system with the transfer rates of eq. (33) is plotted versus donor concentration for fLved tip concentration. The trap concentration and donor concentration range correspond to those
of the s&let naphthalene data (ref. /7 J) shown in fz. 3. The
mauimum donor concentration equals that cf a filled lattice
of lattice spacing d, where d is the transfer rate range defined
in eq. (33). The transfer rate magnitude S (hops/lifetime) is
varied from 500 (curve 3) to IO3 (curve 2) to IO4 (curve 1).
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such as the multipolar rates discussed above, CT(m) is
dways u&y for a2 excitation with infinite Lifetime,
since an excited donor is never completely isolated
with respect to energy transfer from all other donors
and traps. However, with a transfer rate of finite range
such as eq. (33)> CT(m) will bt less th:n unity for low
donor concentrations
ar which some pafis of the system can be isolated from the rest. For this case, G=(m)
is derermined by the “connecredness”
of the system.
Also shown in fig. 4-4 (solid curve) is CT(m) calcuIated
with the self-consistent
two-body approsi_mation using
the transfer rates of eq. (Xj, for m infinite two-dimensional system of randomly distributed donors and
traps at concentrations
corresponding
to those of the
Keyes and Pratt calculation_ The plots for rhe fmite
lattice and the infinite random system both show an
infiection point at donor concentrations
near 0.59. the
threshold percolation concentration
for an infmite
square lattice with nearest-neighbor
interactions [ 161.
Using eq. (32). the relative integrated trap emission,
l(CD. CT). cm be calculated for the case of an excitation with tinire lifetime and the transfer rates of eq.
(33). The parameters
(hops/lifetime)
does not enter
into the caIculation of CT(m) described above, since
the escitaticn was t&en to be infinitely iong lived.
The calculation ofl(CD. CT) requires specifying S.
Fig. 4B shows I(CD. C,) for the transfer rate of eq.
(33) at concentrations
corresponding
to those of the
naphthalene data in fig. 3 [7]. For low values of S,
l(CD. CT) is less than unity at a donor concentration
correspondin_g to a fully occupied lattice. As S is increased, the vaIue of l(CD, CT) at this maximum donor concentration
rises to unity. The naphtha!ene da:a in fig. 3 show that when the Iattice is fied with donor moiecules, the relative integrated trap emission is
very close to unity. Therefore, if we wish to model
naphthalene with a two-dimensional
random system
and the transfer rate of eq. (33), we must pick S large
enough, so that I(CD, CT) is unity for the donor concentration corresponding 10 a filled lattice. Fig.4B
shows that the resulting curve will rise more abruptly
than the experimental points in fig. 3. The finite

ranged transfer rate of eq. (33) results ir: a trapping
onset much more sudden than that dispIayed by the
singlet naphthalene data. We can conclude that the existence of a iong-range tail in the transfer rate has a
great effect on the observable I(C,,, C,).
Blumen and Silbey have formulated a kinetic mod-

tmpphg

of

eI of transport and trapping
excitations in disordercd systems [ 17]_ which fits the singlet and triplet
naphthalene data obtained by Kopelman and coworkers [6-101, as welt as data from a similar series
of experiments performed by Colson and co-workers
on benzene crystals, a three-dimensional
system 1151.
The benzene data show similar sharp rises in trapping
efficiency at a critical donor conceniration.
BIumen
and Silbey also found that a l/r14 transfer rate gives
the best fit to $e naphthalene singlet data. Their expression for 1(C) has a simple form:

I@) = [l

t (c”)l-“+1:

(34)

where m is the exponent in the multipolar transfer
rate. The agreement between_eq. (34) and our numeritally calculated two-bocly I(C) is very good and improves with increasing C. For comparison, we have examined the mathematically
convenient case of 172= 4,
for which I(C,, CT) may be written in closed form.
In ihe CT + 0 limit, [(CD, CT) has a different form
than that predicted by eq. (34), but goes over to eq.
(34) in the C, + 00 limit. For small C,, the onset of
trapping occurs at large C,, so for the concentration
range of interest, the two-body approximation
to the
master equation Green function and the kinetic model
of Blumen and Silbey give numerically similar results
for I(?)). Both models predict that I(?) will have the
same shape for a three-dimensional
system with a
l/r2 transfer rate as for a two-dimensional
system
with a l/r14 transfer rate. Because of the strongly anisotropic excitation transfer interactions in naphthalene, a two-dimensional isotropic model is a more
sensible choice than a three-dimensional one. Also, as
discussed in section 5, the l/r14 rate corresponding
to
an octupole interaction is 3 physically reasonable one.
Despite the agreement between the kinetic model
of Blumen and Silbey and the self-consistent Green
function approach described here in the case of the
steady-state observable I(?), the two models are by
no means equivalent. The hopping model of Blumen
and Silbey neglects back transfer processes, in which
an excitation which is transferred away from an excited donor is eventually transferred back to the initially
excited donor. The two-body Green function described here includes an infinite subset of the graphs representing such processes. Therefore, our model is expected to give more accurate results for time-dependent
observables.
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5. Conclusions
The agreement between the singlet naphthalene data and our model, as shown in fig. 3, indicates that as
far as this observable is concerned, transport in disordered mixed molecular crystals is well described by the
master equation, eq. (1). In our model, the singlet
naphthalene data was best fit by a l/r14 transfer rate,
as it was in the work of Blumen and Silbey 1171. This
transfer rate corresponds to an octupole-octupole
interaction. This result is not surprising, since the transition dipole is known to be very small, ~0.03 A, and
cannot account for the pure naphthalene crystal exciton band structure [IS] _The octupole-octupole
interaction is the next symmetry allowed term in a multipoIe expansion of the intermolecular interaction [IS].
Craig and Walmsley have shown that the Davydov
splitting in pure napthalene can be accounted for in
terms of octupole-octupole
interactions [ 181. Hong
and Kopelman [19] have also calculated octupole
parameters for naphthaiene from experimentally
determined interaction energies between pairs of translationally equivalent sites in the crystal. However, these
parameters do not agree quantitatively with the ones
arrived at by G-zig and Walmsley. Thus, the applicability of the octupole model to the naphthalene iutermolecular interaction remains in question.

Our model indicates that the shape of the I(C,, CT)
curves is strongly dependent on the range of the intermolecular interaction. In particular, a dipole-dipole
interaction

results in a irery different shape than that

observed in the experiments on naphthalene and benzene. We therefore predict that if experiments analogous to those of Kopelman et al. [6-lo]
and Colson
et al. [IS] were carried out on a mixed crystal in which
the molecular interactions could be described by dipoIe-dipole
interactions, the typical sharp trapping
onset would not be observed.
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