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ABSTRACT

Influence of a trap (sink) on an exciton transfer in molecular aggregates is investigated.

Pausing time distribution functions ^£>(t) and probability densities Q „,„(() of the continuous time

random walk theory are calculated from memory functions entering the generulized master ei|ua

tions. The presence of the sink changes their analytical form. We used trimer as example to show

that only for large trapping rates pausing time distribution functions become notinegative. Only in

this case they could be used in Monte Carlo modelling.

MIRAMARE - TRIESTE

October 1990

Submitted for publication.
Permanent address: Institute of Physics of the Charles University, Ke Karlovu 5,12116 Prague 2,

Czechoslovakia.

r



I. INTRODUCTION

During Hie last twenty years much work has been done in theoretical investiga-
tion of coherence and incoherence effects in the exciton transfer in molecular
aggregates.

Several principal directions in the theory have been followed. After the mi-
croscopic treatment of the exciton-phonon interaction by Silbey and coworkers
[1], Generalized Master Equation method has been developed by Kenkre et al,
[2] and Stochastic Liouville Equation method has been enriched by Reineker et
al. [3],

Owing to great effort of many people, many details of mutual relation be-
tween different approaches become step by step clear [2,3,4,5]. For example, the
Stochastic Liouville Equation model [3] substituting the bath (phonons) influ-
encing Fretikel excitons by external potential stochastic field may be rederived
as a special limiting case ( and generalized to non-periodic systems) from the
Generalized Master Equation (GME), taking fully quantum character of the
bath into account [6,7]. Memory functions wmn(t) entering the GME

6Pm(t)/dt = - r)Pn(r) - xvnm(i - r)Pm{r)]dr (1)

for the site occupation probabilities Pm(() may be not only calculated from
the first principles [4,5] but can also be deduced from the Stochastic Liouville
Equation model.

Kenkre, Montroll and Shlesinger first pointed out [8,2] a formal equivalence
between GME and the Continuous Time Random Walk (CTRW) problem. In
[8], some explicit examples of the connection between the memory functions
u'mn(<) from (1) and the pausing time distribution functions il>f(t) from CTRW
in a decoupled scheme have also been given.

The problem is, however, that practically all papers which use CTRW often
start with some form of the pausing ( waiting) time distribution function and
try to deduce a corresponding form of the memory functions.

Klafter and Silbey [9] tried to extend the CTRW over all transport regimes
including the coherent, diffusive and " less than diffusive" one taking into
account Kenkre's [2] prescription for memory functions. Influence of bath
(phonons) was expressed by an exponential prefactor connecting the memory
function with a pure coherent one

uw(0 - e""i»Sl(O- (2)
However, we revised [10] their results from the point of view of the memory

function for the exciton-phonou system, which has a two channel form

as we had derived in [4,5]. Two channels are mutually connected and their
weights in (3) depend on polaron band width, temperature, phonon spectrum
and strength of the exciton-phonon interaction. Only the first ( quasicoherent)
channel has Kenkre's form (2).

We calculated [10] the Laplace transforms of pausing time distribution func-
tion and the probability density for hopping and used them for derivation of the
average hopping time and of the diffusion constant.

Our further investigation indicated [11] that going in opposite direction than
usually, i.e. when we start with some reliable form of the memory function
wmn{l) yielding physically reasonable solutions in (1), one obtains the waiting
(pausing) time distribution functions which might ( at variance with their phys-
ical meaning) become negative. We showed this on example of a symmetric
dimer interacting with a bath. Crucial property of the exciton transfer which
influences nonnegativity of its pausing time distribution function is the incoher-
ence ( a ^ 0 ).

We recently turned our attention [14] to the problem, which is common and
was treated many times in the past. The system weaddressed is a molecular
aggregate ' n which guest molecules (i.e. traps) are introduced, let us say, inicr-
stitially. The experiments we are interested in here create excitons in the host
system through illumination, an appropriate frequency range being chosen to
ensure that only the host is excited. The excitons can decay radiatively and also
move within the host. If they arrive in the sphere of influence of the traps,
they may be captured. If they are captured, they later decay radiatively in a
different frequency range. For simplicity we neglect the radiation decay in the
host.

To take into account an effect of the trap on exciton dynamics, Kenkre
suggested Uic SO-called "sink" model. In the simpler version of this model the

exciton probability decays to the trap at constant rate -j whenever the exciton
occupies a host site influenced by the trap. Kenkre suggested to append to (1)
a sink term

t

where the summation extends only over the sites s influenced by a trap.
Capek and Szocs turned [12] the attention to the fact, that (1) together with

(4) could not give a guarantee, that occupation probabilities Pm{t) > 0. Using
the simple example of dimer they stressed the necessity for transformation of
the coherent memory functions % , ( ( ) in (1) to take into account the presence
of the sink (4). In dimer with a sink at the end one has to use the coherent
memory function

(5)



The simplest and natural generalization of their result (5) would be a pre-
scription to multiply memory functions u>m,(t) or m,m(l) in (1) with a prefactor
e—1'.

We generalized [14] our direct method [13] for calculation of coherent memory
functions for finite systems to show on a possible most simple example (trimer)
the influence of the sink on coherent memory functions connecting different
sites of the finite system. The coherent memory functions for finite system
without any trap are periodic with time [13]. The memory functions for finite
system with the trap change their form appreciably [14]. They are loosing their
periodicity, the coherence time becomes shorter. We have also shown that in the
trimer with a sink appended at one end (s = 3) for a large trapping rate y the
rest (dimer) is decoupled not only in the sence, that exciton moves entirely in the
dimer avoiding the place influenced by the sink, what could be understood owing
to introduction of the prefactor e"7 ' into u>i3(t) and u>23(*)> but the memory
function u>12(() is transformed entirely to that for dimer. We questioned (14]
Kenkre's results [2] in which no transformation of memory functions takes place
mainly for large 7 and finite systems.

The aim of our paper is to continue our investigation [10,11] of the mutual
connection between the memory functions in GME and the pausing time distri-
bution functions and the probability densities in CTRW. We follow the influence
of the trap in a simple system (trimer) using the correct coherent memory func-
tion , which has been derived recently [14]. We start from the coherent memory
functions without any trap leading to the pausing time distribution functions
which are not ttontifgative [II]. Only for large trapping rate •> the pausing time
distribution functions become nonnegative and could play a proper role of prob-
ability density in e. g. Monte Carlo modelling [11]. The influence of the sink is
in this respect comparable with that of the incoherence.

The paper is set as follows. In Sec.II we use the coherent memory functions
taking into account the influence of the sink [14] in expressions for the pausing
time distribution functions and the probability densities for trimer in which the
sink is placed in the center and at one end. In Sec.III results of our calculations
are given and conclusions for further investigation are drawn.

II. GME and CTRW

In general, the density operator p satisfies the Liouville-von Neumann equa-
tion

idfi/dt = Lp. (6)
Here, L is the Liouville superoperator and ft = 1.
One can use the Nakajima-Zwanzig equation for a projection on a relevant

part of the density operator

8t
- -iDLpD(t) - I dTDLe-"^LQLDpD(t - r),

Jo
(7)

Q = 1 - D.

The kernel of the integral is so called (superoperator) memory function (MF).
The initial term is omilled, the proper chosen initial conditions are supposed.

Choosing a proper form of £>, DLD turns to zero, the matrix elements of
the operator po — Dp become site occupation probabilities and the elements
of superoperator MF are the memory functions in the common sense. The
formalism of the projection superoperator D employed in the derivation of (7)
from (6) enables us to follow the site occupation probability and thus the exciton
migration. It generally involves the influence of phonons or another bath.

As in (7) only the positive time is used, we complete the definition of the
MF in the following manner

u-(f) = -9(t)DLt"«iLQLD< (8)

where 9(1) is the (Heaviside) step function. Thus we are able to define the
Fourier transformation of (8)

f+00

w(z)=f uit)e"'dt,lmz > 0,
J-00

which may be analytically continued to the lower halfplane

(9)

LD. (10)

In absence of phonons ( or other kind of a bath) we take the following form
ofD

m

where
\m) is the completeorthonormal set of Wannier-like functions,
m = 1,2, ...,N is the site index.
Let us concentrate our attention to finite systems with Hamiltonian H which

includes an effect of the sink

* « = €, + •!•,, (12)

Hik = H'ti = Jik for i ? k.

The matrix Q(z — L)Q which is to be inverted is a four-index quantity
(tetradix). The coherent memory functions for finite system with the sink have
the following form [14]

T"



(13)

where aa and ra are given by the Hamiltohian H [14].
In symmetric trimer we have two possibilities to place a sink - in the center

or at the end.
At first, let us suppose that the center of trimer is influenced by a sink. For

the Hamiltonian H with only nearest neighbour interaction J

( 0 1 0>
\ -if 1
0 1 0,

(14)

(where we have chosen a transfer integral J as the energy unit and 1/J as
the time unit)

we obtain [14]

( )
-z(z+iy)

Inverse Fourier transformation gives [14] for 7 < 2\/5

and for 7 > 2\/2

For 7 — 0 we can recover results without the trap

(15)

(16)

(17)

(18)

(19)

(20)

(21)

and for 7 —• 00

wn(0=2e-T\

Wia(0 = 0. (23)

Now let us suppose that the sink influences the end of trinier. The Hamil-
tonian H then reads

We obtain

/0 1 0 \
tf= 1 0 1 .

VO 1 -17 /

~ + hY- -1

( "
The inverse Fourier transformation gives

(A2 + 9B2)

(B - I ) 2

- (B - ^)2 -
3 " ,4

and

(24)

(25)

(26)

(27)

+ (B +

(fl + ^ )



(28)

where

54

6= 96

and for 7 < \/6

while for 7 > \/6

Putting 7 -• 0 we can again recover (20) and (21). For 7 — 00

wu(t) = 2, (29)

u.I3(0 = 0, (30)

w23(t) = 2 e - " . (31)

To find a connection between GME and CTRVV let us proceed as in [2,11].
The Fourier transformation of (1) may be rearranged as

Denoting

and

(32)

(33)

(34)

and performing the reciprocal transformation, one obtains the exact CTRW
counterpart of (1) as

drQmn(r)Pn{t-r). (35)

where
V'Jjfr) is the pausing time distribution function i.e. the integral Jo~ ' ^ ( r j r f r

equals the probability of performing the hop off the site 111 within the time ( — to.
Qmn(T) is the probability density that hopper ( exciton) originaly being at site
n performs a hop to m after the time interval (waiting time) r.

III. RESULTS AND CONCLUSIONS

As stated in the Introduction, this paper addresses a specific problem in
the exriton transfer in molecular aggregates, namely (he influence of the trap
(here modelled according to Kenkre's suggestion as a sink) on the pausing time
distribution function ^ ( < ) a n c ' l ' l e probability density Qnm(f) of the continuous
time random walk theory.

We used memory functions wmn(t) connecting different sites of the system
in the derivation of the CTRW-counterpart of GME formalism. Our generalized
method which we have used [13,14] for obtaining the memory functions wmn(t)
(8) entering as kernel in the Nakajima-Zwanzig equations (7) is based on a direct
inversion of the superoperator expression (10). This allowed us to investigate
thoroughly the memory functions in the general finite system in the presence of
a trap modelled as a sink.

We arrived at several conclusions:
1.Application of the sink model for the description of the coherent exciton

transfer in the presence of the trap requires [14] for a sufficiently large trapping
rate 7 more pronounced modification of Generalized Master Equation (1) than
suggested by Kenkre [2]. One should generally not only to append the sink
term (4) . One has to use the proper form of the memory functions wmn{t),
in calculation of which the influence of the sink was taken into account. This
brings also a new form for the pausing time distribution function t'£,(0 and the
probability density Qmn(t) owing to a tight connection given by (33) and (34).

2. The transformation of the pausing time distribution function V'£,(0 which
takes into account the influence of the sink is so principal that its analytical form
is changed pronouncely.



3. By the calculation of pausing time distribution functions V'£,(0 a nd prob-
ability drusities Q „,„(() with the help of (33) and (34) one should recognize that
presence of the sink leads to a transformation of not only those memory func-
tions which connect the sink with other places. The decoupling of the rest of
the system from the very strong sink is not only owing to diminishing of the
memory functions connecting the sink with the test of the system. The memory
function u-\n(t) transforms to that of the rest (dimer) of the system ( namely
to the constant) [14).

4. Our calculation (Fig.l - 2) shows that in the time dependence of V'm(')
it is reflected that the coherent memory functions are generally loosing their
periodic character with increasing of the trapping rate 7 and memory effects
are preserved for shorter times.

5. To take into account the influence of the bath in quasicoherent regime
[4,5] we used Kenkre's prescription (2) in which the effect of the exciton-bath
(phonon) coupling is reduced to an exponentially damped prefactor of coherent
memory functions. This approximation is approved only for not too high <*. In
the opposite case one should take into account also the hopping channel [4,5J in
the memory functions uimFl(().

6. Results show ( Fig.l and Fig.2) that the presence of the sink could give
a guarantee ( for sufficiently large trapping rates 7 > 2\/E) that the pausing
time distribution functions ^ ( t ) > 0. The influence of the trapping rate 7 is
in this respect similar to the influence of the bath which is described (2) in
the quasicoherent exciton transfer regime by the common exponential prefactor
[2,3).

We conclude that, in some regimes the pausing time distribution functions
and the pobability densities are negative for some times so that their usual
interpretation becomes dubious.

Hence, we are led to the conclusion [11] that though the mathematical form of
(35) as the CTRVV-counterpart of GME is doubtless, its physical interpretation
and consequently its practical use in e.g. the Monte Carlo modelling of the
excitation transfer may get into troubles.

Our conclusionsare based on results for finite systems. For infinite systems
the application of the two-channel memory functions (3) [10] would be desirable.

Our results stress the importance of derivation of a general form of MF for
energetically inhomogeneous systems which would take into account as phonon-
less as phonon-assisted contributions to the exciton transfer also in presence of
the trap.
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FIGURE CAPTIONS

Fig.l: Pausing time distribution function i[%{t) for trimer with the sink

Fig.2: Pausing time distribution function V2C) for trimer from coherent
(a — 0) to incoherent (a = 20) regimes,
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