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We present results of numerical simulations of the kinetics of exciton—exciton annihilation of
weakly localized one-dimensional Frenkel excitons at low temperatures. We find that the kinetics is
represented by two well-distinguished components: a fast short-time decay and a very slow
long-time tail. The former arises from excitons that initially reside in states belonging to the same
localization segment of the chain, while the slow component is caused by excitons created on
different localization segments. We show that the usual bimolecular theory fails in the description
of the behavior found. We also present a qualitative analytical explanation of the nonexponential
behavior observed in both the short- and the long-time decay components. Finally, it is shown that
our theoretical estimate for the annihilation time of the fast component is in good agreement with
data obtained from transient absorption experiment¥-aggregates of pseudoisocyanine. 2001
American Institute of Physics[DOI: 10.1063/1.1352080

I. INTRODUCTION annihilation in the system is then indeed proportional to the

_ ) o ) average exciton density and is given byan. The solution
Exciton—exciton annihilation is an important process;, Eq. (1) reads

that strongly influences the optical and optoelectronic prop-
erties of materials at high excitation densities. In particular,
exciton—exciton annihilation affects the nonlinear and lasing n=
properties of organic systems, suchlaaggregates and poly-
mer films! Though the importance of this process is well- ) L , L )
recognized, the microscopic understanding of the annihila?N€réno is the initial population of excitations. If the anni-
tion kinetics is still rather poor. This holds especially underh”at'on, dqmlnates the single-exciton rela'xatlonn()> 7) )
the conditions of strong exciton delocalization ajod) low the excitation populatlon decreases according to a hyperbolic
temperature, where the usual bimolecular theory of exciton-"onéxponentiallaw,
exciton annihilation is expected to break down. The aim of
this paper is to study the annihilation kinetics in weakly dis- _
ordered one-dimensional Frenkel exciton systems, where the 1+angt’
exciton coherence size can be considerd@as of lattice
units). This study is of relevance to the optical properties and ~ The typical picture that one commonly has in mind when
exciton dynamics id-aggregates and molecular antenna sysimodeling the annihilation process as is done in @g.is as
tems. follows. First, it is usually understood that, as a result of
The standard approach to describe the kinetics oftrong disorder andor) high temperature, the Frenkel exci-
exciton—exciton annihilation relies on the bimolecular ratetons represent, in fact, molecular excitatiGhSNext, it is
equation, in which it is assumed that the effective annihila-assumed that the excitatiotdiffusively) move over the sys-
tion rate is proportional to the exciton density. This equationtem. If the diffusion rate is large compared to the rate of
read$® nearest-neighbor annihilation, denoted Wy, two excita-
tions annihilate each othgby fusing into one high-lying
molecular excitation that quickly loses its energy by vibra-
wheren represents the average exciton density, understootional relaxation when they have reached neighboring mol-
here as the number of excitations per molecuteis the ecules. In this case=w,. On the other hand, vy domi-
single-excitation(radiative and nonradiatiyeelaxation rate, nates the diffusion rate, the annihilation event may occur at a
and « is the co-called annihilation constant having here thedistance large compared to the the nearest-neighbor separa-
dimension of 1/time. The effective rate of exciton—excitontion. In this case, the annihilation constant is determined by a
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convolution of the annihilation rate with the pair correlation ) \ N 0\ r |
function of two excitationd,and may in principle depend on \ /\ AW j
time.

The bimolecular rate description has limitations, which \Kj b/ ﬁ
become rather important at low temperatures. Obviously, the
bimolecular approach does not account for the fact that the |A
excitons inJ-aggregates are generally quite strongly spread, 1! —5— — - _ e {f
with typical coherence lengths of several tens of ‘ ':

molecule$~1* Even at room temperature, this length is of : @

the order of 10 moleculeS; " owing to the large intermo-

lecular excitation transfer interaction in these systems. It is

an open and interesting question whether this finite length m n

may be accounted for by interpreting in Eq. (1) as an  FiG. 1. Schematic representation of all interactions contributing to the

effective annihilation constant. In this paper, we will addressexciton—exciton annihilation process. The interactity, indicated by the

this question for low-temperature exciton systems. dashed lines, forms excitonic states in the subspace of the molecular states
W ill studv the kineti f it it ihil “0” and “1.” Excitons annihilate through a high-lying electronic-

. ew S_u y _e ine IC,S O exciton—exciton anni I. @ \ibrational molecular term “2" @10~ w,q). The first step of the annihila-

tion of one-dimensional excitons that are weakly localizedion process results from the intermolecular interactibn which induces

by static disorder. We will use the same framework as wasimultaneous transitions of the molecuteto the ground state and molecule

done in Refs. 18 and 19 to calculate annihilation rates. Thé to the high-lying term. The second step results from fast vibrational re-

. ation within high-lying electronic-vibrational sublevels towards the

new elemer_]t o_f the pres_,e_nt _paper I$ to use these_rates lg@;und vibrational state characterized by a fateH, .

follow the kinetics of annihilation. An important step in de-

scribing the annihilation of extended excitons, is to distin-

guish between inter- and intrasegment annihilatfoli. The  netics at low temperatures, where the diffusive motion of

rationale for this distinction is as follows. As appears fromexcitons towards each other may be neglected. In Sec. Il we

numerical simulations of disordered exciton chains, the exuse the distinction between inter- and intrasegment annihila-

citon states residing close to the bottom of the exciton bantion to derive qualitatively analytical expressions for the

(the region that dominates the optical resporesm be clas- low-temperature annihilation kinetics. A more detailed study

sified into groups of a fewtwo or three states. The states is presented in Sec. IV, where we basically exactly solve the

within each separate group are all localized on the same selinetics, formally defined in Sec. Il, through numerical simu-

ment of the aggregate, with a typical six& (often referred lations. In Sec. V we summarize our findings and discuss the

to as the number of coherently bound molecylegile the  relevance to experimental low-temperature annihilation data.

segments corresponding to different groups do not overlap.

In fact, it turns out that the two or three exciton states withinll. TWO-EXCITON ANNIHILATION MODEL

each such group are very similar in structure and energy t@ \otivation

the lowest two or three states that exists on an ordered chain _ N
of length N*.2°-2% |n particular, the lowest state of such a Under usual experimental conditions, only a small part

group has a wave function spread over the segment withOL?(_f the localization segments on molecular aggregates are ex-
nodes and can be interpreted as the local ground state. Ti§€d- For example, the authors of Refs. 12 and 14 estimated

next higher lying state of the group has a well-defined noddhat in their experiments, one hundred molecules per aggre-
and looks like a first local excited state, etc. The energyd@t€ were produced at the highest excitation power applied

difference of the local ground and first excited states agreet?-98 GWicrd). As a physical aggregate normally consists
well with that of a perfect chain of length* . of ~10* molecules’® while the typical localization segment

Obviously, to describe exciton—exciton annihilation Onein their particular case counted 20 molecules, these authors

should consider at least the two-exciton states. As is welfOncluded that less than one exciton was created per segment
known, one-dimensional Frenkel excitons are weakly inter-Of localization(on average, one exciton per five segments
acting fermiongsee Refs. 24—38Thus, the wave functions simple consideration based on the Poisson distribution for

of states with two excitons can be composed of Slater detett—he probability of finding an integer number of excitons per

minants of two one-exciton wave functions. Under the Con_segment, shows that on the physical aggregate about 80 out

dition of weak localization, two different types of two- of 500 segments are gxpectgd to be singly gxcited, while

exciton states then appeafi) those with two excitons only 8 are doubly excited. Tnplyapd ”.‘Ore eXC'ted. S€g-

belonging to the same localization segment, gindthose ments are almost absent. Bearing in mind that excitons, cre-
ated on the same segment of an aggregate or on closely

with the two excitons localized on different segments. This

immediately leads to the distinction of intrasegment and m_spaced separate segments, will annihilate first, we conclude

tersegment annihilation as fundamentally different annihila Nt & two-exciton model of annihilation seems to be quite

tion channel®? reasonable as a first step.
This paper is organized as follows: In Sec. Il, we presen% Rate of two-exciton annihilation
our microscopic model of annihilation, express the annihila-~
tion rate in terms of the basic interactions and wave func-  As a working model, we adopt a linear chain/gfthree-
tions, and make the formal step towards the annihilation kilevel molecules as depicted in Fig>1%!° The two lower

' i
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molecular states, denoted “0” and “1,” are assumed totion starting from the two exciton eigenstater) (1<u
form an exciton band, as a result of a sufficiently strong—,,< Ay is simply given by the “Golden Rule,”

resonant dipole—dipole intermolecular coupling. The corre- v

sponding exciton Hamiltonian, taken in the nearest-neighbor , 2m )
approximation, reads Wa _Tp(Ef)anl [(2n[Hal wv)l?, 6)

N-1 N wherep(E;) is the density of final state$ereafter replaced
He= —U >, (bjbinsrt b1ni1bin) + > Eqnbibin, by 1T'). Because of the fermionic nature of one-dimensional

n=t n=t @ Frenkel excitons, one can compose the two-exciton eigen-

functions as Slater determinants of the one-exciton eigen-
where—U<0 is the nearest-neighbor hopping integral cho-functions,
sen to be negative, as is the case foeaggregates, and NN
by, (b1,) denotes the Pauli creatigannihilation) operator of luv)= 2 E ¢Mm.vn|1m,1n>, (7a)
m=1 n<m '

the first excited state of molecule (the state with all the
molecules in their ground states serves as the vacuum state
|0) and has zero enerpyThe second term in Eq4) repre-
sents the Hamiltonian of noninteracting molecules, in whichvhere{e,,,} are the eigenfunctions of the one-exciton prob-
Ein=E;+A, is the energy of the first excited state of mol- lem,

eculen with E; and A, being, respectively, the mean value N

of th_e energy and a static random offsgt. The _Iatt_er simulates > HMM, =E,@un- (8)
on-site (diagona) disorder and results in localization of the m=1

excitonic states. Fluctuations of the nearest-neighbor couyq o H™=(1n|H,,|]1m) andE, is the eigenenergy of the
1t ex ex| v

pling are neglected. It will be assumed thg} is distributed one-exciton state.. Substituting Ea(7b) into Ed. (6) one
uniformly within the intervall —A,A], so that the typical = j10i0d9 ' 9 Ea(7b a6

magnitude of the disorder is given by the standard deviation

(r/fp,m;un:(P,u,m‘Pvn_QD,un(Pumv (7b)

o=A/V3. Foro<U the exciton eigenfunctions are localized 20V X[ X o |

within rather large segments of the chain,<N* Wa'=—T — 9
<N.20-22930Throughout this paper, we will assume that m=1[n=t (m=n)

this condition holds. where the prime denotes that# m. In particular, for a dimer

The high-lying electronic-vibrational molecular term, (N=2) only one two-exciton state exists and its annihilation
depicted as “2” in Fig. 1, serves as the intermediate statgate is given by
through which annihilation occufs'®°We consider one of 42
the electronic-vibrational levels to be resonant with the two-  \12_,, _ 77

. . . . a 0 il
exciton optical states and to undergo an efficient phonon-

assisted relaxation to the ground vibronic stetee Fig. 1 In order to arrive at Eq(9) we used the fact that Frenkel

The annihilation process itself consists of transferring the,itons are noninteracting fermions whenever the nearest-
energy of wo excitons to the high-lying molecular term. neighbor approximation is used for the hopping integrals.
Assuming this step to occur due to the resonant dipole—pey hecome interacting quasiparticles when including the
dipole intermolecular interaction, we may write the corre-qq siing to far neighbors. The importance of the latter can be
sponding Hamiltonian as follows: estimated through the changes which the long-range terms
I produce in the density of exciton states. It is known that in
bynbym(bi+bi ) +h.c., 5) _one—dmensmn_al aggreg_ates, the long-range dlpolg—d|pole
interactions shift the exciton band bottom by approximately
20% compared to the nearest-neighbor m&dé. The
whereV is the matrix element of the annihilation operator smallness of this shift suggests the corrections due to long-
for nearest neighbors amg, (b,,) denotes the Pauli creation range interactions to be of a perturbative nature. Indeed, for
(annihilation) operator of the high-lying state of molecuie  few-particle states, Frenkel excitons are weakly interacting
The operator(5) annihilates the two excitations occupying (well-defined fermions, despite the long-range coupling.
moleculesm andn and excites one of these molecules inthe  Furthermore, as follows from the results of both numeri-
high-lying state. The implication off, for third-order non-  cal simulation® and theoretical estimat&sof the linear op-
linear optics ofJ-aggregates has been studied in Ref. 31. tical properties of disordered Frenkel chains, the oscillator
In accordance with our arguments in Sec. Il A, we will strengths of the optical transitions near the lower band edge
assume that not more than two excitons are created by thgrow by approximately a factor of 2.5 due to the long-range
pump per linear chain. Moreover, we will assume thdtis  dipole—dipole interactions. This results from a larger exten-
small compared to the rat€, of phonon-assisted relaxation sion of the optically active exciton states in the exact dipole—
in the high-lying molecular state. We may then use perturdipole model compared to the nearest-neighbor méakea
bation theory to calculate the rate of annihilation. Moreover fixed disorder strengjh In principle, this effect is not of a
the back proces@xciton fission can then be neglected. The perturbative nature. It can, however, be included into the
resulting expression for the rate of exciton—exciton annihilafinal formulas for the annihilation ratgsee below by res-

(10

1

Ho=o > ———
& 2 mhi In—m|®
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caling the number of coherently bound moleculs. The created. Then, the time dependence of the population of the
above arguments justify the nearest-neighbor framework asexcited two-exciton states is given by
reasonable approach to describe Frenkel excitons.
It is worth stressing, though, that the dipole—dipole in-  p,(t)=2( >, f ., exp—wi't) ), (12
teraction in the annihilation channet() can generally not wy
be taken in the nearest-neighbor approximation, because thgheref ,, =F ,, /= ,,F,, and angular brackets denote an av-
annihilation of two excitons localized on Separate Iocaliza'erage Oluver ﬂ'/:e digordﬂer realizations. Note that we have nor-
tion segments is determined by the coupling to far neighborsmalized the population such that it equals 2-a0. Formula
(12) will be the basis of our further analysis of the low-
temperature annihilation kinetics.

C. Low-temperature annihilation kinetics

As in the present paper we are mainly interested in thdll- QUALITATIVE PICTURE
annihilation kinetics itself, we will neglect any other possible Before carrying out numerical simulations, we first pro-

c_h_annel of populatiop relaxation, suph as the radiatiye trangige a qualitative analysis of E412). Following the argu-
sitions from two-exciton to one-exciton stat@#lso acting  ments concerning the nature of the low-energy weakly local-
towards lowering the exciton populatigres well as a pos-  jzeq one-dimensional states, we separate the summation in
sible multiphonon relaxation from the high-lying term to the Eq. (12) into two parts:P,(t) = PM"3(t) + PMe(t). The first
one-exciton stategacting, on the contrary, towards raising part, P""(t), includes aIT thoseaterm@v}awhere the one-
. . . . . ’ a ’ ’

again the exciton populatignTo calculate the kinetics of the exciton statesu and v are localized on the same chain seg-
exciton—exciton annihilation, we will assume that excitons . (doubly excited segmentsThe second par™®(t)

. T a 1
are created by a resonant laser pulse, that is short comparggtains those terms whegeand v reside on different seg-
to the_ inverse of .the]-band width. quer these co_nd|t|0ns, ments. The fact that this distinction can only be made for
the _|n|t|aI populations of th? two-e>I<C|ton statev) is pro- low-energy states is no restriction, as anyhow these states are
portional to the corresponding oscillator stren§f), given  he gnes that dominate the ground state to one-exciton and

by the one-to-two-exciton absorption spectrum. Using the pic-
N 2 ture of exciton states on a chain of effective lenbjth, one
F.,=(ur|D?0)2=| > . Wumion | (1)  arrives at the intrasegment annihilation r&té?
m,n=
— N + H H%. H . 5776
where D=2_,(b;,*+by,) is the chain’s dipole operator wintra_ Wo (13

(the chain length is assumed to be smaller than the emission é 18(N* +1)3

Wavzi‘?:rgigé initial creation process, excitons may in prin- wherewy is given by Eq.(10) and the factor /18~ 270,
P ' yinp The second termPI"™®(t), governs the annihilation of

C|ple.m.(.)ve over the _chaln, At IOV\./ temperature, however, the[wo excitons created on different localization segments and
possibility to move is very restricted and the optically ex- is characterized by the rdfe

cited localized Frenkel excitons are practically immobBfle.
The reason is that at low temperatyfie< width of J-band, ) N* +1
an exciton created in one of the local ground states may wy'e'= R6 Wo, (14
move to an other similar state only when the latter has an
energy lower than the former. The typical energy offset bewhereR is the distance between the two excited segments.
tween the local ground states is of the order of the width ofNote that the rate of the intersegment annihilation scales lin-
their energy distribution(i.e., the width of theJ-band. early with N* + 1. As the wave functions of both segments
Therefore, after one jump the exciton typically resides in theenter the expression fevi™', one might intuitively expect a
tail of this distribution. The number of states with still lower quadratic dependence d&\fi* +1. However, only one of the
energy then drastically reduces, giving rise to a strong intwo excited segments, namely the one that passes to the
crease of the mean distance to such lower energy states. gmound statd0) in the annihilation process, coherently con-
fact, already after one jump the exciton has a strongly suptributes tow"™" giving the factorN* +1 (so-called super-
pressed chance to jump further, i.e., such a type of the spaadiant transition The transition within the other excited
tioenergetic diffusion (towards lowering the energyis  segment occurs to the high-lying molecular state of each
stopped rapidly and does not yield a sufficient possibility formolecule. It is important to note that the latter events are
two excitons to approach each other and annihilate. It isummed incoherently, as is evident from KE§), thus pre-
worth noting that experiments also indicate the absence ofenting the appearance of an extra poweN&f+ 1.
such a diffusion, which would manifest itself in a redshift of Keeping in mind thaR=N* as well as that the numeri-
the exciton emission spectrum relative to the absorptiorcal factor in Eq(13) is fairly large, one immediately deduces
spectrum. The experimental data show that such a Stokdgom Egs.(13) and(14) thatw)"®>w,"" provided thalN* is
shift is either absent or has a small magnitBidéA similar ~ of the order of or larger than several units, which is the
situation occurs in glasses doped with rare-earth ¥ns. condition we will focus on in the simulations. From this, one
Following the above arguments, we will assume that twoexpects that the kinetics of the exciton—exciton annihilation

excitons annihilate from the positions where they have beewill consist of two distinct parts: a very fast short-time de-
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cay, described bP™4(t), and a very slow long-time tail for Dy the strong dependence of the annihilation fa# on the
which PM(t) is responsible. In order to estimate the rela-distance between two excited segmefts,The annihilation

tive weight of these two components, we will take into ac-Kinetics caused by the fluctuations®fs simply given by an
count the fact that the oscillator strengths of double excitadverage of the pair kinetics 2 xpwy “(R)t] over all real-
tion of a particu|ar localization segment and excitation ofizations ofR. In order to obtain an analytical estimate, let us
two different segments are of the same order. Then, statistassume that the density of excited segments is (esvis in

cal arguments based on the Poisson distribution seem to &I cas so thatR can be treated as a continuous stochastic
sufficient for making estimates. If the initial density of exci- variable. Then the annihilation kinetics is given by an inte-
tations equals, (in our caseny=2/\), the probability of ~ gral similar to that in Eq.(16) with G(N) replaced by a
f|nd|ng a typ|ca| localization Segmemf |ength N*) to be suitableR-distribution function,G(R). We will adopt a uni-
k-fold excited reads form distribution forR, G(R)=N*/A/, assuming that the
probability of finding a segment to be excited is equal to the
inverse of the number of segments in the chaifiN*. In
evaluating the integral, we will extend the integration over
o L . _.the entire positive axes, neglecting thus the minimal distance
Ther'efor'e, the probabilities of dc.Jub'Ie eXCItatIOI’l' of a typical between two adjacent segments as well as the finiteness of
localization segment and of EXCItatI*OH of two d|fferen1 S€°the chain. Both approximations are justified at a low density
ments are given by 0.56N*)%e™ """ and 2noN*e """, ot axcitations. One thus arrives at

respectively. Thus, the relative contribution of the shorter

component inP,(t) is of the order of 0.28,N*, which

drops upon increasing the disorder strengtior upon a
corresponding decrease bf*) and grows with increasing
the density of excitations,.

Now, we turn to a discussion of the character of the
annihilation kinetics. We recall that in the bimolecular
model, the decay is nonexponential, as a result of the nonwherel'(x) is the Gamma-function. Equatida7) is correct
linearity of the driving equatioril). We will argue that in ~ Provided that the second term on the right-hand side is less
our case, the kinetics is also nonexponential, which, howthan unity. This holds in a very large time interval, deter-
ever, does not result from a nonlinearity. Let us consider firsthined by the inequality’(5/6)N* (N+1)(wqt) "<\ It
the intrasegment channel of annihilation. Here, according téollows from the stretched exponential behavior of Etj7)

Eq. (12), the nonexponentiality is expected even in the abthat further averaging d®"(t) over theN-distribution will
sence of disordeﬁ_e_, for a regu|ar Chai‘m because the an- hot Change the character of the kinetics and results, in fact, in
nihilation rate w“” obviously depends on which exciton replacingN by N*.

states are involved in the annihilation procésse Sec. IV. To conclude this section, we note that tftartificial” )

In the presence of disorder, there is an additional source fgtuantity P,(t) can be simply rescaled to the measurable
the nonexponential behavior of annihilation through the in-magnitude—the density of excitong(t) =P,(t)/N. Intro-
trasegment channel. It originates from the fluctuations in thélucing the initial exciton densityio= 2/, we obtain

sizes of the localization segmeni$, Equation(13) gives the 1 /5
typical magnitude of the intrasegment annihilation rate. In pintra¢)~p | 1 — —F(—)I’ION*(N*+l)1/6(W0t)1/6 )
reality, N* in Eq. (13) should be replaced by a fluctuating 2 16

valueN. Consequently, the sum over the overlapping states (18)
in Eq. (12) can be approximately substituted by an average

over a distribution oN, G(N). One then obtains IV. NUMERICAL SIMULATIONS AND DISCUSSION

N* k .
p(k)=%e*”0'\‘ : (15

; N* @ inter
P':"a(t)%Z[l——f dR(1—e "a (R
N Jo

%2{1—1‘ g) NW(N+ 1)1/6(W0t)1’6}, 17

To study the annihilation kinetics in more detail, we
have carried out numerical simulations for a chain of length
. ) . 22293 N=200. For such a length, the mean initial density of exci-
As follows from numerical simulations;*****the standard  tations is no=0.01. We calculated the one-exciton eigen-
deviation of N, [JdNG(N)(N—N)?]"? is of the order of functions ¢,, by diagonalizing numerically the Frenkel
the mean,N=dNG(N)N, i.e., the distributionG(N) is  Hamiltonian(4) for a particular realization of disorder, and
rather broad. Due to this fact, the resulting nonexponentialitghen composed two-exciton eigenfunctions according to Eq.
is expected to be considerable. The numerical simulationé7). Using further Eq(9) and Eq.(11), we computed the rate
presented in Sec. IV confirm this picture. of annihilation,w;", and the oscillator strengtlk;, ,,, for

The origin of the nonexponential behavior of the inter-any two-exciton statguv). Then Eq.(12) was used to
segment annihilation is twofold. First, the corresponding anevaluate the annihilation kinetics. The resulting kinetics was
nihilation rate, as in the previous case, depends on the size obtained by averaging over 20 realizations of disorder. An
the localization segmem [see Eq(14)]. Thus, fluctuations increase of this number did not lead to considerable changes
of the latter will affect the annihilation kinetics even for a in the calculated curves. As a time unit, we useg’. The
fixed distance between excited segments. However, the charesults of the simulations for different values &fU are
acter of the intersegment annihilation is determined mostlydepicted in Figs. 2—5 by thick solid lines.

P‘a””""(t)~zf dNG(N)ex —w"&(N)t]. (16
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FIG. 2. Plot of the exciton—exciton annihilation kinetics obtained from nu- 0.8
merical simulations for a regular linear chain of 200 sitisck solid line. 0 2000 4000
The least-square fits by means of the exponential 2-ewgi{a) with a
=1.6310* as well as by the bimolecular modés), taken in the form TIME (in units of W-1)
0

2/(1+ bwgt) with b=1.07-10"* are presented by the thin solid and dashed

lines, respectively. The time unit is chosen tO\Imga1 [see Eq(10)]. ) o o
FIG. 4. As Fig. 3, but now focused on the initial stage of the annihilation

process. For this time interval, the best fits by means of the function 2
—ct¥® were achieved at=0.21 (A/U=0.2), c=0.18 (A/U=0.4), andc

Figure 2 represents the annihilation kinetics for a perfect” 0.15 4/U=0.8).

chain (A=0), as well as a least-square fit by means of an

exponential 2 exp{wgt/a) (thin solid line, achieved ata ) .
~1.63 10". The fit clearly demonstrates that the calculatedWith N* replaced by\: at \’=200, one obtainsv
curve cannot be matched by a single exponential. This unx 10" °wp.

ambiguously means that not only the states with 1 and We also tried to fit the numerical curve in Fig. 2 by
v=2, having the largest oscillator strengths, contribute to théneans of the bimolecular equatid) taken in the form
sum in Eq.(12), but the other states contribute a comparable2/(1+bwot). The best fit was achieved lat=1.07-10"* and
amount. The time scale of the kinetics depicted in Fig. 2iS plotted in Fig. 2 by the dashed line. At first glance, it

qualitatively corresponds to that calculated by using@@  Seems that the latter almost matches the numerical data ex-
cept, maybe, at the initial stage. However, the fitting constant

b, carrying, in fact, the meaning of the density of excitations
(see the discussion presented in the Introdugtionderesti-
mates the real value,=0.01 by two orders of magnitude.

intra,
a 3
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a® 20 = 0.5
i AU=0.4 \
=z
Q 15 &
E | S 0
S0 0 TUUmIIT
o S
%— 05 = -0.5
T = o® 0 1000 2000 3000 4000
2.0 = -
T A/U=0.8 =
1.5 ST AU=0.2
N 0.5
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0 15000 30000
TIME (in units of W) 0.5
0 10000 20000 30000
FIG. 3. Plots of the exciton—exciton annihilation kinetics obtained from ) . a
numerical simulationgthick solid lines for a linear chain of 200 sites at TIME (in units of Wo)
different values of the degree of disord&fU. Thin solid lines give the
least-square fits by means of the functior &® atc=0.21 (A/U=0.2), FIG. 5. Log-plot of the exciton—exciton annihilation kinetics for a linear
c=0.17 (A/U=0.4), andc=0.14 (A/U=0.8). Dashed lines give the best chain of 200 sites ah/U=0.2, demonstrating the nonexponential character
fit using the bimolecular modéB). The time unit is chosen to bey*. of the decay. The time unit is chosen to Wwg®.
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Figures 3 and 4 show the numerical results obtained fodimensional Frenkel excitons using a two-exciton static
disordered chains with different degrees of disordgt). In model(immobile quasiparticloswith diagonal disorder. Our
Fig. 3, we plotted the annihilation decay curves in a wideanalysis leads to three main conclusions:
time interval, while Fig. 4 presents the initial stages of the
annihilation process. From the numerical results presented i
Figs. 3 and 4 several conclusions can be deduced. First of all,
it is clearly seen that the entire kinetics indeed consists of
two well-distinguished components: a fast short-time decay,
becoming faster as the disorder is increased, and a very slow
long-time tail. The weight of the faster component is smaller

ﬂ) The entire kinetics consists of two well-distinguished
components: a very slow long-time decay and a much
faster short-time drop. The latter component becomes
faster with higher degree of disorder. The weight of
the faster component is much smaller than that of the
slower one, and decreases with increasing disorder

. . strength.
than that for the slower one and drops upon increasing thﬁi) Neither of these two components shows an exponen-
disorder strengtiA/U. tial behavior

It is reasonable to relate these two components to tht(am)
intra- and intersegment channels of exciton—exciton annihi-
lation, respectively, in accordance with the qualitative pic-

ture discussed |£1 the previous section. Indeed, let us use faf, g0 findings are well-understood from the existence of two
the typ|c0aI215|zzge£\é of a localization segment the well-known o, neting options for two excitons to annihilate. The slower
estimaté” 2> component is driven by the annihilation of exciton states
23 localized on different segments of the chain, while the faster
(19 one originates from the annihilation of doubly excited seg-

ments. Fluctuations of distances between two excitons and

Recall that in our caser=A/v3. Substituting Eq(19) into  sjzes of the localization segments explain the nonexponential

The usual bimolecular theory fails in the description
of the behavior found.

N*+1=|37°—
(o)

Eq. (13), one gets nature of the slower and faster components, respectively.
‘ 572 A\2 A2 It is worthwhile to estimate the typical rates of both an-
';“a:%<U) WONO.J.(U) Wo. (200 nihilation channels for existing-aggregates. In order to do

this, we need information concerning the parametérs/,
Equation(20) gives us the disorder scaling of the intraseg-and I'. For J-aggregatesU~1000cm? is quite typi-
ment annihilation rate. Accordingly, we arrive at the follow- cal®1%1%28| ess information consists concerning the annihi-
ing estimates: wi"~4x10 3w,, 2x10 2wy, and 6 lation interactionV, but as we assumed it to be of dipolar
X 102wy, respectively forA/U=0.2, 0.4, and 0.8. Indeed, origin it seems not unreasonable to take a value simil&t.to
these numbers qualitatively match the time scales of the fagthis is, in fact, supported by semi-empirical calculations of
componentgsee Fig. 4. higher molecular singlet states of pseudoisocyan(iRk)
We also plotted in Figs. 3 and 4 the least square fits ofnolecules” These calculations indicate a moleculSg
the numerical data by means of the functior @w,t)* S, transition that is similar in energy and oscillator
(thin solid ling. One observes that at higher degree of dis-strength as th&,— S, transition responsible for PIC’s well-
order (A/U=0.8), when the weight of the faster componentknownJ-band. We thus také~ 1000 cm . Finally, we will
is smallest, the fitting function fairly well follows the nu- take I'~3000cm!, corresponding to a vibrational relax-
merical curve over almost the entire time interval of decayation time in theS, state of about 10 fs. Using these num-
The value of the fitting constast=0.14—0.15 is of the same bers, we arrive av'™*~3x 10'N* ~3s™%, The correspond-
order as the one deduced from the theory, @d), accord-  ing estimate for the inter-segment annihilation rate taken for
ing to which it must be B (5/6)(N*)"%N=2I'(5/6) adjacent segmentREN*) readsw™®'~ 10"N* ~5s7L,
X (3V372UIA)®IN~0.24 [The discrepancy probably At low temperatures, the quantity* is found to be of
stems from neglecting\* as a minimal separation in Eq. the order of several tefs%-3Letting N* =20, as was re-
(17).] This unambiguously means that the intersegmenported in Refs. 12 and 14, we arrive &~ 4x 10'2s™*
channel dominates the long-time part of the annihilation ki-andw!™*'~3x 10" s 1. Note that the magnitude o#."*" ap-
netics. It should be especially stressed that the bimoleculgsears to be even smaller than the spontaneous emission rate
fits, shown in Figs. 3 and 4 by the dashed lines, fail absoof a single molecule, which typically is of a few times
lutely in the description of the numerical data. 10%sL. Certainlyw)"" is much smaller than the spontane-
In order to show the character of the de¢ayponential  ous emission rate for an exciton state. It is to be noted fur-
or nonexponentialin the case of disordered chains, we de-thermore that raisingl* by a factor of 2 will reducev."" by
picted in Fig. 5 the log-plot of the calculated annihilation aimost two orders of magnitude. From the above, an impor-
kinetics for A/U=0.2. As can be seen, neither of the two tant conclusion can be deduced: the intersegment channel of
components shows an exponential behavior. exciton—exciton annihilation is in fact ineffective at low tem-
peratures, because the radiative relaxation is much faster. On
the contrary, the intrasegment annihilation rate is fairly high
V. SUMMARY AND CONCLUDING REMARKS and should be viewed as the unique way for two weakly
localized excitons to annihilate at low temperature. However,
In this paper we have studied the low-temperature kinetsince this process occurs only for doubly excited localization
ics of exciton—exciton annihilation of weakly localized one- segments, it will affect the entire exciton population only if
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