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Ultrafast exciton dynamics of J-aggregates in room temperature solution
studied by third-order nonlinear optical spectroscopy and numerical
simulation based on exciton theory

Kaoru Ohta, Mino Yang, and Graham R. Fleming
Department of Chemistry, University of California, Berkeley, Berkeley, California 94720 and Physical
Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 21 May 2001; accepted 26 July 2001!

We report a study of the exciton dynamics in 1,18-diethyl-3,38-bis~sulforpropyl!-5,58,6,68
-tetrachlorobenzimidacarbocyanine~BIC! J-aggregates in water solution at room temperature by
third-order nonlinear optical spectroscopy and numerical simulations based on exciton theory. The
temporal profiles of the transient grating signals depend strongly on the excitation intensity as a
result of exciton–exciton annihilation. On the other hand, the peak shift measurement gives
information on the fluctuations of the transition frequency of the system. The peak shift decays with
time constants of 26 and 128 fs. There is no finite peak shift on a longer time scale. The electronic
state ofJ-aggregates is described by a Frenkel exciton Hamiltonian, and the exciton population
relaxation processes is described by Redfield equations. Based on the numerical simulations, the
peak shift data can only be explained even qualitatively when both exchange narrowing and exciton
relaxation process are included in the model. The 128-fs component is assigned to a ‘‘hopping’’ time
between exciton units. We confirmed that while the static disorder within an exction state that is
partially delocalized due to static disorder is exchange-narrowed, the exchange narrowing of the
dynamical disorder is not complete but appears as lifetime broadening, which competes with the
exchange narrowing of the fluctuations. The effect of the exciton relaxation on the absorption
spectrum is discussed. ©2001 American Institute of Physics.@DOI: 10.1063/1.1403693#
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I. INTRODUCTION

The dynamics of molecular aggregates exhibits ma
unique characteristics relative to their monomeric const
ents and has been studied intensively.1–15 In photosynthetic
light harvesting, molecular aggregates in the form
chlorophyll–protein complexes are responsible for excitat
transfer of the energy to the reaction center.16–18The excited
electronic states of such aggregates are described as exc
which are delocalized over part or all of the aggregate.
diative rates can be strongly enhanced due to this deloca
tion ~superradiance!. However, the actual coherence leng
or the number of the chromophores involved in the deloc
ized excitons, is usually much smaller than the total agg
gate size because of static disorder in the molecular ene
and dynamical fluctuations through exciton–phonon inter
tions.

J-aggregates are linear one-dimensional aggregates
extremely interesting optical properties.2,3 The optical ab-
sorption to the exciton state is significantly narrowed a
redshifted with respect to the monomer absorption band.
redshift of the absorption arises from the negative sign of
electronic coupling between the chromophores. The narr
ing of the absorption band results from exchange narrow
which averages out the individual fluctuations of the ch
mophore within the delocalized excitons. Theoretically o
expects the narrowing to depend on the square root of
coherence length.19

The dynamics of the exciton states in molecular agg
gates has been investigated by time-resolved absorp
7600021-9606/2001/115(16)/7609/13/$18.00
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fluorescence, and four-wave mixing spectroscopies.5–15 The
lifetime of the excited state is sensitive to the excitation
tensity because of exciton–exciton annihilation.11 Sundstrom
et al. suggested that the efficient exciton–exciton annih
tion arises from the highly mobile excitons and treated
energy migration as a hopping motion.11 In this model, a
portion of the full aggregate behaves as a small exciton,
the dynamics on a larger distance scale corresponds to
‘‘incoherent’’ hopping motion of this small exciton. Exten
sive studies of the exciton migration were performed
Scheblykin and co-workers using time-resolved fluoresce
measurements.20–22 The properties of the excitons are dete
mined by the electronic coupling strength, the static disord
and the dynamical fluctuation of the bath. Fidder, Knoes
and Wiersma performed a comprehensive numerical sim
tion of the optical properties of linear aggregates with dia
onal and off-diagonal disorder including all dipola
couplings.5 They showed that the absorption line shape a
superradiant emission can be simulated well based on t
model. Furthermore, in a pump–probe measurement, t
demonstrated that the absorption from the one exciton to
two exciton states is blueshifted compared with the grou
state bleach and can be used to estimate the delocaliz
length of the excitons.8 Similar observations have been ma
on otherJ-aggregates.9,10 Recently Bakalis and Knoester in
vestigated the effect of exciton delocalization on the pum
probe spectrum via a numerical simulation.23 They compared
the delocalization length obtained from the spectral sep
tion between the bleaching and two-exciton absorption
9 © 2001 American Institute of Physics
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that obtained from the participation ratio at the center of
spectrum. They found that up to a certain saturation len
these two delocalization lengths are correlated, but bey
the saturation length the homogeneous linewidth determ
the spectral properties.

Third-order nonlinear optical spectroscopies such
transient absorption, transient grating, and the photon e
methods are useful methods to investigate the exciton
namics of molecular aggregates.24 In particular the three-
pulse photon echo peak shift~3PEPS! method possesses
number of advantages for such studies.25–34The method has
a large dynamic time range. The presence of the finite p
shift at long times provides a direct indication of the pre
ence of an inhomogeneous distribution of transition frequ
cies in the system.28,29The 3PEPS technique has been ext
sively used to investigate energy transfer dynamics of li
harvesting complexes.30,32–37It was found that the electroni
transitions are weakly coupled to nuclear motions of
bath, and site energy inhomogeneity of the protein envir
ment is washed out due to the presence of the interc
mophore energy transfer. Yang and Fleming developed
mal expressions for the third-order response functions o
energy transfer system by incorporating the hopping proc
between chromophores for a weakly coupled system suc
the B800 molecules of Light Harvesting Complex
~LH2!.32,34 For a strongly coupled system such as the B8
band of LH2, there is still some debate with respect to
amount of the delocalization.38–40 Very recently Yanget al.
investigated the energy transfer dynamics of the B850 b
of LH2 and the B875 band of Light Harvesting Complex
~LH1! by combination of the photon echo method and dis
dered exciton theory including exciton population relaxatio
It was found that a picture of ‘‘hopping’’ between the pa
tially delocalized excitons provides a crude description of
dynamics and the peak shift profiles reflect the exciton re
ation in these systems.41 It is of interest to compare simila
experiments on more strongly coupled systems such
J-aggregates with those on the light harvesting complexe
investigate questions such as: What information can we
tain on the exciton dynamics from 3PEPS measureme
How are the linear and third-order nonlinear optical
sponses controlled by the delocalization of the excitons
by exciton population transfer?

In this work, we explore the exciton dynamics
1,18-diethyl-3,38-bis~sulforpropyl!-5,58,6,68-tetrachlorobenzi-
midacarbocyanine~BIC! J-aggregates in solution at room
temperature by third-order nonlinear optical spectrosco
BIC belongs to the class of molecules that easily fo
J-aggregates and has been extensively studied by Yosh
and coworkers.15,42–44 The emission lifetime of BIC
J-aggregates decreases with increasing temperature in
range 20–60 K. The delocalization length of BI
J-aggregates was estimated to be approximately twe
molecules at 4 K and four molecules at 60 K from th
fluorescence lifetime and relative quantum yie
measurements.15,42–44 The pump–probe spectra of BIC
J-aggregates at room temperature show intensity-depen
dynamics reflecting exciton–exciton annihilation.10 In addi-
tion, the zero-time pump–probe spectrum is also inten
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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dependent.
We used the transient grating and three-pulse pho

echo peak shift methods for our investigation of the exci
dynamics ofJ-aggregates in the room-temperature solutio
Transient grating measurements stress the population dyn
ics of the exciton states. The temporal profiles of the tr
sient grating signals depend strongly on the excitation int
sity as a result of exciton–exciton annihilation. On the oth
hand, the 3PEPS measurement gives information on the
tuations of the transition frequency of the system. We pres
model calculations of peak shift onJ-aggregates based on a
exciton model that includes the exciton population relaxat
in order to explore the relationship between the exciton
laxation and peak shift profiles.

This paper is organized as follows. In Sec. II, we brie
describe the experimental method. The theoretical ba
ground for both the 3PEPS and the transient grating met
as well as calculations of the linear absorption and thi
order response ofJ-aggregate systems is given in Sec. III.
Sec. IV, we discuss the transient grating and 3PEPS meas
ments both for the BIC monomer in methanol and B
J-aggregates in water. In Sec. V, we present the result
model calculations forJ-aggregates. The focus of the mod
calculation is to develop an understanding of the basic f
tures of the signal rather than to make a detailed fit of
experimental data. The role of the intramolecular vibratio
in the signals and the temporal profiles of the transient g
ing signals is also discussed. Conclusions are given in S
VI.

II. EXPERIMENT

The experimental apparatus for transient grating a
3PEPS measurements has been described in d
elsewhere.45 The light source was based on a homemade
sapphire oscillator and regenerative amplifier that gener
60-fs, 26-mJ pulses at around 800 nm.46 The repetition rate
was 3.8 kHz. The amplified pulse was used to pump an
tical parametric amplifier and the resulting tunable visib
output was used for excitation. The pulse width was e
mated to be 40–50 fs, which is close to transform limite
The excitation wavelength was 530 nm for the BIC monom
in methanol and 595 nm for the BICJ-aggregates in water
The pulse was split into three replicas with two comput
controlled optical delay lines and a third fixed delay line. T
three beams were aligned in an equilateral triangle with e
side about 8 mm in length and focused into the sample w
a 20-cm singlet lens. Three pulse photon echo signals in
two phase-matched directions were detected simultaneo
by two photodiodes and processed with lock-in amplifie
The integrated echo signals were quite symmetrical and w
fit to Gaussian functions. To obtain the photon echo pe
shift, t* (T), half of the separation of the maxima of tw
Gaussians was plotted against the population time.

BIC dye was purchased from Hiyashibara Biochemi
Laboratories, Inc. Water was doubly deionized; metha
was of spectroscopic grade from Aldrich. The absorba
was adjusted to 0.2 in a 100-mm cell. The sample was circu
lated by a peristaltic pump in a flowing cell. All measur
ments were conducted at ambient temperature.
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III. THEORETICAL BACKGROUND

A. General description of the photon echo and
transient grating methods

Here we give a brief outline of the theory of 3PEP
measurements on an ensemble of isolated chromoph
with two electronic states. The optical transition frequen
for a particular chromophorei, dissolved in a solvent, can b
written as

veg
i ~ t !5^veg&1dveg~ t !1e i , ~1!

where^veg& is the average value of the transition frequen
dveg(t) is the fluctuating part of the electronic transitio
frequency ande i is the static transition energy. The width o
the distribution of thee i values (D in) gives the inhomoge-
neous width of the transition.

As shown in previous studies, when the chromopho
are independent of each other, the value of the peak s
@t* (T)# reflects the degree to which memory of the init
transition frequency is retained. In general the memory of
electronic transition frequency can be written as a time c
relation function,M (t):

M ~ t !5
^dv~0!dv~ t !&

^dv2&
. ~2!

Nonlinear spectroscopic signals are calculated from the l
shape functiong(t):

g~ t !52 ilE
0

t

dt1@12M ~ t1!#

1^Dv2&E
0

t

dt1E
0

t1
dt2M ~ t2!. ~3!

The echo signals are calculated fromg(t) by using the
nonlinear response functionR(t,T,t). The intensity of the
signal in the impulsive limit is given by

S~T,t!>E
0

`

dtuR~ t,T,t!u2. ~4!

A detailed description of the three-pulse photon echo p
shift and transient grating methods has been given elsewh
and we will not repeat it here.25,27

B. Excitonic description of molecular aggregates and
outline for the calculation of the linear absorption
spectrum and the third-order nonlinear response

In this section, we briefly describe the theory for t
linear absorption and third-order response of a simple mo
system forJ-aggregates that consist of monomers with t
electronic states. The standard description of the electr
states of molecular aggregates is based on the Fren
exciton Hamiltonian:

H~q!5Hel1Hel-ph~q!1Eph~q!, ~5!

Hel5 (
n51

N

un&en^nu1 (
m,n

mÞn

N

Jmnum&^nu, ~6!
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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Hel-ph~q!5 (
n51

N

un&un~q!^nu, ~7!

where un& is the electronic excited state of the monomern
and en is the static energy of the electronic excited state
the nth monomer.q represents the coordinate of the phon
bath, andun(q) describes the fluctuation of the transitio
energy due to electron–phonon coupling.Eph(q) is the
Hamiltonian of the phonon bath. The electronic excitati
energy is randomly sampled from a Gaussian distribution
Monte Carlo sampling. The interaction between monomern
and m is given by Jmn , which is assumed to be homoge
neous. We assume that the intermolecular couplings are
ited to nearest neighbors and are set equal (Jn,n115Jn,n21

5J). We also assume that each monomer is coupled to
own bath and that the baths belonging to different monom
are uncorrelated.

For the one exciton state, the eigenstates and eigene
gies of the Frenkel excitons are obtained by numeri
diagonalization of the electronic part of the exciton Ham
tonian @Eq. ~6!#:

uk&5 (
n51

N

wknun&, ~8!

where k is the quantum number of the exciton state. T
transition dipole moment from the ground state to the o
exciton statek is given by

dgk5 (
n51

N

dnwkn . ~9!

The exciton wave functions and exciton energies for the tw
exciton band can be constructed from those of the o
exciton band by use of Bethe’s ansatz.47 In the absence of the
electron–phonon coupling, the time evolution of the ele
tronic states is simply described by stationary propagation
the exciton states. The electron–phonon coupling Ham
tonian Hel-ph induces both pure dephasing and populat
transfer between the exciton states.

The linear absorption spectrum ofJ-aggregates in the
absence of population transfer is given by36

I ~v!5ReE
0

`

dt exp~ ivt !(
k51

N

udgku2 exp@2 iEkt2gkk~ t !#,

~10!

where Ek is the static energy of thekth exciton state and
gkk(t) is the exchange-narrowed line-shape function, wh
is given by

gkk~ t !5g~ t ! (
n51

N

uwknu4. ~11!

For completely localized states, we have(n51
N uwknu451.

Therefore the line broadening function forJ-aggregates is the
same as that for monomer. In the absence of static diso
we have(n51

N uwkn(q
s)u4;1/N. In other words, the width of

the absorption spectrum of theJ-aggregate becomes signifi
cantly narrower.
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FIG. 1. Double-sided Feynman dia
grams for linear absorption and third
order response functions. In our mod
calculation, any coherence transfer
neglected. For example, in the secon
and third terms, ifnÞm, no transfer is
allowed and thusn85n andm85m. If
n5m, thenn8Þm8. h is the index for
the two exciton states.
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The narrowing results from the fact that delocalized e
citon states average over the disorder in the transition
quency of the individual molecules. Due to the presence
the disorder in the system, the degree of the delocalizatio
the exciton in the aggregates is smaller than the actual siz
the aggregates. The degree of delocalization of the excito
usually described by using the inverse participation ra
which is given by

L~e!5
^(kd~e2Ek!~(n51

N uwknu4!&disorder

^(kd~e2Ek!&disorder
. ~12!

The delocalization length of the exciton is given by the
verse ofL(e).

When electron–phonon coupling is included, the pop
lation transfer process produces a contribution from lifeti
broadening to the exchange-narrowed line shape. We
discuss the competition between exchange narrowing
lifetime broadening in a later section of the paper.

The linear and third-order response functions of the m
lecular aggregates are described by a density matrix form
ism in the exciton basis. Details of the theory for the line
and third-order response functions that include the effect
exciton relaxation will be given elsewhere.48 In this paper,
we simply outline the theory and the approximations
volved. The evolution of the density matrix for the excito
states is given by

d

dt
r~ t !52 i ~L01L8!r~ t !, ~13!

whereL0 is a diagonal Liouville operator governing the e
citon dynamics in the absence of any exciton transfer p
cesses. The off-diagonal term,L8, is responsible for the
population transfer process between the exciton states.
usual method to obtain the time evolution of the exciton st
is to reduce the full density matrix, Eq.~13!, to the excitonic
space by taking an average over the bath. In this case
lose detailed information of the dynamics of the bath. Ho
ever, the 3PEPS method is sensitive to the non-Markov
behavior of the bath and thus we need to keep the dynam
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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of the bath. As a first approximation, the operator in t
second term of the right-hand side of Eq.~13! is replaced
with a rate equation

d

dt
r~ t !'2 iL 0r~ t !2Kr~ t !, ~14!

whereK is the Redfield tensor, which is based on a seco
order approximation with respect to the off-diagonal Ham
tonian in the exciton representation. Equation~14! is a kind
of mean-field description of the population transfer since
phonon-dependent operator has been replaced by a pho
averaged rate equation. We note, however, that the fast
non dynamics is correctly described by the first term of E
~14!, in contrast with the usual reduced density matrix a
proach. As usual, we introduce the so-called secular appr
mation in which the nonsecular elements of the Redfield t
sor are assumed to be zero:

Kab,a8b850 when uvab2vga8b8uÞ0, ~15!

wherevab is the energy difference between the statesa and
b. The contributions of the nonsecular terms are avera
out on a time scale ofuvab2va8b8u

21. By this approxima-
tion, contributions for the population and coherence eleme
are not likely to be coupled to each other in the presence
static disorder. The Redfield tensors then consist of th
terms: ~a! population transfer froma to g (aÞg),Kaa,gg ,
~b! population decay froma, Kaa,aa , and ~c! decay of the
coherence~dephasing! due to population transfer,Kaa8,aa8 .

Figure 1 shows Feynman diagrams for the linear abso
tion spectrum and for a third-order signal generated in
phase-matched direction,ks52k11k21k3 . For the linear
absorption spectrum, the system evolves in a coherence
tween the ground state and one-exciton states after the i
action with the first pulse. Exciton relaxation occurs duri
the coherence period and influences the broadening of
absorption spectrum. The linear absorption spectrum
J-aggregates in the presence of population transfer is g
by
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FIG. 2. Schematic diagram of the procedure used
calculate the linear absorption and third-order nonline
signals. Details are described in the text.
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I ~v!5ReE
0

`

dt exp~ ivt !(
k51

N

udgku2 exp@2 iEkt2gkk~ t !

2Kkk,kkt#, ~16!

whereKkk,kk is the population decay rate from thekth level
of the one-exciton state.

For the third-order signals, only rephasing pathways
shown in Fig. 1; however, all of the diagrams for rephas
and nonrephasing pathways for all possible pulse order
are included in the numerical calculations. The first two d
grams involve one-exciton states only. In the first diagra
the system evolves in the ground state during the popula
period, while the system evolves in the one-exciton state
the second diagram. In the second diagram, exciton pop
tion transfer or excitonic dephasing occurs during the po
lation period. The third diagram involves both one-and tw
exciton states. The polarization produced by the th
diagram has a different sign from the first two diagrams. T
contribution from the third diagram destructively interfer
with the first two diagrams because of the different numb
of bra and ket interactions. The procedure for calculat
both the linear absorption spectrum and the third-order n
linear signals is shown schematically in Fig. 2. After diag
nalizing the Hamiltonian, we construct the exciton wa
functions and energies and calculate the transition dipole
ments. Then we calculate the exciton population trans
rates from the expression of the Redfield tensor with
spectral density of the phonon. Inserting the solution of
~14! into the linear and third-order response functions a
taking into account the finite laser pulse duration, we cal
late the third-order nonlinear signals. These procedures
repeated over different sets of static energies of the mono
until our calculated result converges.

Recently, Zhanget al. developed a similar exciton
theory and applied it to 3PEPS measurements.35,36 Here we
note the differences between our approach and that of Zh
et al.35,36 In the work of Zhanget al., the third-order optical
response function is calculated by using projection oper
techniques and consists of three terms in the doorw
window representation. The first term represents a cohe
contribution where the entire response is completed be
exciton population transfer occurs. This term is only imp
tant at short time. The second term corresponds to
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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ground-state pathway where the system evolves in
ground state during the population period. The third te
corresponds to the excited-state pathway where the sys
evolves in the one-exciton state during the population per
The exciton population transfer during the population per
is taken into account, but not during the coherence period
a result, the linear absorption spectrum is given by Eq.~10!.
On the other hand, in our approach, the effect of the exc
relaxation is included in both the coherence and popula
periods. In particular, in the case that the population rel
ation is very fast~this is the case inJ-aggregates with a
reasonable parameter set, as we will show later!, inclusion of
the population relaxation during the coherence period cau
a remarkable difference in both the linear absorption sp
trum @Eq. ~10! versus Eq.~16!# and the 3PEPS profile com
pared to the results of Zhanget al. Finite pulse duration,
which was not taken into account in the Zhanget al. work,
also influences the overall value of the 3PEPS profiles
particular the initial value. In addition to these two maj
differences in the two approaches, they differ in the level
approximation on the coupling between the population tra
fer and bath dynamics. However, since we do not belie
that this difference affects the qualitative discussion giv
later, we will not provide a detailed comparison of the tw
approaches in the present paper.

IV. EXPERIMENTAL RESULTS

A. Steady-state absorption spectra of monomers and
J-aggregates

Figure 3 shows the absorption spectrum of BIC
methanol and in water along with the molecular structure
BIC. BIC has a broad absorption band with a maximum n
518 nm in methanol. In dilute aqueous solution, the abso
tion band is located at around 514 nm, which is similar
that in methanol. Based on the similar spectra in the t
solvents, we assume that spectral densities of the BIC mo
mer in water and methanol do not differ greatly.

On increasing the concentration of BIC in water, a ne
absorption band appears at 595 nm, which is believed
originate from the creation of exciton states due to aggre
tion. We could not observe the aggregation in methanol
addition to the redshift, this absorption band is much n
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rower than that of the monomer. Under these conditions,
monomer absorption band is observed only weakly. Com
ing the peak of the absorption spectra in monomer and
gregates, the intermolecular couplingJ is estimated to be
about 21320 cm21 from the difference of the absorptio
maximum between the monomer~514 nm! and aggregates
~595 nm!.

B. Transient grating signals for BIC monomers in
methanol and J-aggregates in H 2O

As one can see in the absorption spectrum, B
J-aggregates are formed only in water solution. In order
study the dynamics ofJ-aggregates, it would be useful t
obtain the dynamical information for the BIC monomer
the same solvent as a reference. However, it is impossib
measure the nonlinear optical signals of the BIC monome
water within the sensitivity of our experimental appara
since the monomer dominates only in very dilute solutio
Instead, we measured the nonlinear optical signals of
BIC monomer in methanol and, as noted above, assume
the spectral density in the two solvents is not so differe
Figure 4 shows the transient grating signal for BIC mon
mers in methanol. The transient grating signal of the B
monomer in methanol has a rapid initial decay followed
decaying components on multiple time scales. Oscillat
components are superimposed on the decay of the signa

Figure 4 also shows the temporal profile of the transi
grating signal of BIC aggregates in water at very low inte
sity. The peak power was estimated to be about
3107 W/cm2. The signal has a rapid initial decay compone
followed by components decaying on a picosecond ti
scale. The origin of the rapidly decaying component will
discussed in a later section. As a result of exciton–exc
annihilation, the decay of the exciton states inJ-aggregates
depends on the excitation intensity~Fig. 5!.10–12 The decay
time constant of the transient grating signal is determined

FIG. 3. ~a! Molecular structure of the BIC monomer.~b! Absorption spectra
of the BIC monomer in water~dashed line! and methanol~dashed-dotted
line! and absorption spectrum of BICJ-aggregates in water~solid line!.
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be 685 fs. Due to the homodyne nature of the transient g
ing signal, this gives the lifetime of the one-exciton state
1.37 ps. Johnson, Kumazaki, and Yoshihara measu
pump–probe signals of BIC J-aggregates at room
temperature.10 The decay of the transient absorption sign
was faster than their instrument response function of 2–3
They attributed the rapid decay to exciton–exciton annih
tion since the lifetime of a single-exciton state is known to
around 400 ps.

Here we briefly note the results of transient grati
and transient absorption measurements on o
J-aggregates. van Burgel, Wiersma, and Duppen perform
a transient grating measurement of TDBCJ-aggregates
in water solution @TDBC is the sodium salt of
1, 18 - diethyl -3,38 -bis~ 4 -sulfobutyl! -5,58, 6, 68 -tetrachloro-
benzimidazolo carbocyanine#.7 They observed similar tem
poral profiles for their signals to those reported here. Th
obtained 2.8 ps for the exciton–exciton annihilation tim
constant. Lee, Min, and Joo reported transient absorp
measurements of indocyanine dye~ICG! J-aggregates.49 The
signal showed an initial 110-fs ultrafast decay followed
10- and 80-ps time constants. They assigned the 10-
80-ps components to exciton–exciton annihilation and po
lation relaxation to the ground state, respectively.

FIG. 4. Transient grating signals for the BIC monomer in methanol~solid
line! and for BICJ-aggregates in water~dashed line!.

FIG. 5. Intensity dependence of transient grating signal for B
J-aggregates in water with an excitation intensity of 2.03107 W/cm2 ~solid
line! and excitation intensity of 2.03108 W/cm2 ~dashed line!.
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C. Peak shift of the BIC monomer in methanol and
J-aggregates in water

Figure 6 shows the photon echo peak shift of the B
monomer in methanol and BICJ-aggregates in water. Fo
dilute two-level chromophores, the peak shift decay has b
shown to follow the time correlation function of the ele
tronic transition frequency,M (t), at long time.25,27,50 The
monomer data were analyzed via a simulation based o
dilute two-level system. The parameters used for the sim
tion are given in Table I and are similar to those obtain
earlier for IR 144 in methanol.25 Thus, the echo decay of th
BIC monomer in methanol results from solvation dynami
which includes the inertial and diffusive components of t
solvation process. Oscillatory behavior from vibration
beats is also seen in the peak shift during the first 500 fs

FIG. 6. Three-pulse photon echo peak shift for the BIC monomer in me
nol ~solid line with open circles! and BICJ-aggregates in water~solid line
with filled circles! ~a! on a logarithmic scale for the peak shift and line
scale for the population time and~b! on a linear scale for the peak shift an
logarithmic scale for the population time.

TABLE I. Simulation parameters for the peak shift for BIC monomers
methanol. The parameters for the transition frequency correlation func
or M (t), are given. We also add an inhomogeneous contribution (D in

5130 cm21) in order to take into account the component whose time sc
is longer than the time window of our measurement.

l ~cm21! t ~fs! v ~cm21! tdamping ~fs! Phase~rad!

Gaussian 130 160
Exponentiala 100 10
Exponential 30 500
Exponential 45 8000
Vibration 30 124 283 20.5

aExponential component to compensate for the interference of the unkn
intramolecular vibrational modes.
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The photon echo peak shift of BICJ-aggregates in wate
was fit to a sum of exponentials. The peak shift starts
around 22 fs and decays with time constants of 26 fs~58.7%!
and 128 fs~41.3%!. The origin of the 26-fs component i
unclear at present. It may represent the inertial compon
of solvation in water and/or destructive interference amo
the high-frequency vibrational modes as observed in
molecules in polar solution. In our previous studies of eo
Y in water, we observed a very fast initial decay of the pe
shift data and attributed it to a contribution from the inert
component of the solvation and the vibrational interferen
effect.45 More recent simulations suggest that the vibratio
contribution can account for a substantial fraction of the i
tial decay.51,52 The peak shift decays to 0 fs within 500 f
Since the time scale of the decay of the peak shift is clea
different from that of the transient grating signals under o
experimental conditions and the peak shift is known to
insensitive to be population dynamics, we do not consi
the 128-fs decay component a result of exciton–exciton
nihilation.

Very recently Lee, Min, and Joo measured 3PEPS p
files on ICGJ-aggregates in water.49 The 3PEPS profile of
ICG J-aggregates was described by a single exponential w
a time constant of 107 fs, which is similar to our result. T
initial peak shift~;35 fs! of ICG J-aggregates in water wa
higher than that of the ICG monomer~;13 fs! in methanol,
at least in part, because the pulse widths were very diffe
for the two measurements. For the measurement of
3PEPS profile for ICGJ-aggregates, Lee, Min, and Joo us
pulses of 125 fs while the monomer data was taken w
18-fs pulses. Considering these different pulse widths,
values for the initial peak shifts are consistent with th
results.

V. RESULTS OF MODEL CALCULATIONS AND
DISCUSSION

In this section, we present and discuss the results
numerical simulations. In contrast to the light harvesti
complexes such as the B850 band of LH2 and the B875 b
of LH2, we do not have any detailed information on th
microscopic structure ofJ-aggregates, particularly on the to
tal aggregate size. Since we could not measure the peak
of BIC monomers in water experimentally and do not kno
the vibronic structure of the BIC monomer, the function
form for M (t) in the monomer cannot be determine
uniquely. Rather than trying to fit the peak shift profile f
J-aggregates based on limited information on the monom
and theJ-aggregates, we have performed illustrative mo
calculations of the linear absorption spectra and the p
shift to give a qualitative picture of how the exciton dynam
ics of J-aggregates influence the width of the absorpt
spectrum and the peak shift decay profile.

A. Excitonic structure and linear absorption spectrum
for J-aggregates

As a typical example of the excitonic structure and line
absorption spectrum ofJ-aggregates, we first show the re
sults of a calculation performed on chains of 100 molecu
The intermolecular interaction and static disorder are se

a-

n,

le

n
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be 21000 and 300 cm21, respectively. The transition ene
gies of the monomers are sampled from a Gaussian distr
tion and the calculation is averaged over 1000 realization
the static disorder. The fast fluctuations of the phonon mo
are described by using a Gaussian function for the transi
frequency correlation function. The reorganization ene
and time scale of this fast fluctuation are set to be 100 cm21

and 60 fs, respectively.
Figure 7~a! shows the distribution of the oscillato

strengths and transition energy for the one-exciton states
a completely delocalized case~i.e., when there is no disorde
in the system!, the k51 level has the majority of the oscil
lator strength increasing to 0.81(N11)m2 when N@1, i.e.,
about 81% of the total oscillator strength of the transition53

Due to the presence of disorder, the oscillator strength
distributed over thek.1 levels, and all the transitions con
tribute to the absorption spectrum of theJ-aggregate. Figure
7~b! shows the dependence of the population decay rate
the exciton level. The population decay from thek51 level
occurs on about a 300-fs time scale. The population de
rates in the absence of the static disorder become faster
pared to those with the static disorder since the energy s
ration between differentk levels of the one-exciton state be
comes smaller and the overlap of the exciton wave func
becomes larger. The value of the population decay rate
pends on the value of the static disorder, the energy sep

FIG. 7. ~a! Distribution of oscillator strengths~gray bars! and energies~open
circles! in the one-exciton states for the model system described in text~b!
Exciton-state dependence of the depopulation rate with static disorder~filled
circles! and without static disorder~open circles!. Inset shows the tempora
profile of the population in thek51 state. The system is ensemble averag
over a static site energy distribution of 300 cm21.
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tion between pairs of levels and the spectral density of
phonon bath.48

In Fig. 8~a! we show the calculated absorption spec
for both the monomer and theJ-aggregate of our model sys
tem. The width of the absorption spectrum for the aggreg
is significantly narrower than that for monomer as a resul
exchange narrowing. Furthermore, the width of the abso
tion spectrum in the presence of the exciton relaxation
similar to that in the absence of the exciton relaxati
~exchange-narrowed system! since in this case the static dis
order dominates in the line broadening of the absorpt
spectrum. As shown in Fig. 7~b! the exciton relaxation oc-
curs on about a 300-fs time scale, which is not short eno
to contribute to the broadening of the absorption spectru
Figure 8~b! displays the absorption spectrum of th
J-aggregate of model system when the static disorder is s
be 100 cm21. In this case we can clearly see the difference
the width of the absorption spectrum in the presence
absence of the exciton relaxation. As the value of the st
disorder decreases, the exciton becomes more delocaliz
the aggregates and the width of the absorption spectrum
creases when we only consider the exciton structure and
exchange-narrowing mechanism. Now, exciton populat
transfer contributes to the width of the absorption spectr
via lifetime broadening, and the width of the absorpti
spectrum no longer depends on the degree of the deloca
tion. The fast nuclear fluctuations of the monomers appea
exciton energy fluctuation and population transfer in the
citon basis. The energy fluctuations are subject to the

FIG. 8. ~a! Simulated absorption spectra of model monomer~dashed line!,
exchange-narrowed J-aggregate system ~dashed-dotted line!, and
J-aggregates in the presence of the exciton relaxation~solid line!. Static
disorder is set to be 300 cm21. ~b! Simulated absorption spectra o
exchange-narrowed J-aggregate system ~dashed-dotted line! and
J-aggregates in the presence of the exciton relaxation~solid line!. The static
disorder is set to be 100 cm21.
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change narrowing, and the population relaxation produ
lifetime broadening. Because of this, in contrast with sta
disorder~which is completely exchange-narrowed!, the dy-
namical disorder is not completely subject to the excha
narrowing. Recently, Knoester and co-workers investiga
the effect of the dynamic disorder in the optical line shap
for circular aggregates and arrived at a simi
conclusion.54,55 For small aggregates, they found that t
exchange-narrowing factor is equal to the number of m
ecules in the aggregate, while for large aggregates it s
rates. The number of molecules at which saturation occ
depends on the amplitude of the fast fluctuation and the
termolecular coupling.

B. Model calculations of the peak shift
for J-aggregates

Previous work suggests that the total aggregate
(;104 molecules! is much larger than the delocalizatio
length inJ-aggregates, which is considered to be order of
molecules in room temperature solutions.11,56An appropriate
model for the exciton dynamics should then have an ac
size that is significantly greater than the delocalizat
length. In previous studies,;250 molecules are typically
used for the calculation of the linear absorption spectrum
two-color pump–probe spectrum with phenomenological
mogeneous line broadening.5,23 However, calculation of
third-order nonlinear signals is very time-consuming
;250 molecules since some of the third-order response fu
tions include the two-exciton states. The number of the tw
exciton states isN(N21)/2 for N monomers. Therefore, ou
calculations of the photon echo signal are limited to sma
total aggregate sizes. Our goal is to provide a qualita
understanding of the relationship between the exciton
namics and the peak shift profiles. By fixing the delocaliz
tion length while changing the total aggregate size, we inv
tigate which parameters control the temporal profiles of
peak shift and how the peak shift is related to the time sc
of the exciton dynamics.

Figure 9 shows the dependence of the delocaliza
length ~inverse participation ratio! on the ratio of intermo-
lecular coupling~J! to the static disorder~s! as a function of
the number of the molecules involved in the aggregate~N!.

FIG. 9. Dependence of the delocalization length on the total aggregate
and ratio of intermolecular coupling~J! to the static disorder~s!. The num-
bers in the contour plot correspond to the delocalization length.
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As expected, the delocalization length becomes longer as
J/s ratio increases. In our model calculations of the pe
shift, the delocalization length was set to be 5 whileN was
varied from 10 to 40 in increments of 10. We also perform
model calculations with a delocalization length of 10 forN
520. The fast fluctuations of the phonons are described b
Gaussian function for the transition frequency correlat
function. The reorganization energy and time scale of t
Gaussian are set to be 100 cm21 and 100 fs, respectively. Th
laser pulse width was set to be 34 fs@intensity full width at
half maximum~FWHM!#.

Figure 10 shows the simulated peak shift curves wh
the delocalization length is 5 and the total aggregate siz
40. In the absence of exciton relaxation, the peak shift st
at 43 fs and decays to 19 fs in about 200 fs. The values of
peak shift for this case are higher than those for the mo
mer. From our previous studies of 3PEPS for isolated tw
level systems, we know that the overall value~in particular
the initial value! of the peak shift is inversely proportional t
the electron–phonon coupling strength.50 The increased
magnitude of the peak shift for the exchange narrowed e
ton systems in the absence of any exciton relaxation p
cesses can be understood in a similar way. The temp
profile for the exchange-narrowed system is similar to tha
the monomer. When we include exciton relaxation in t
model calculation, the initial peak shift decreases again an
slowly decaying component in the peak shift appears wit
few hundred femtosecond time scale. The decreased in
peak shift mainly results from the exciton relaxation duri
the coherence period. The exciton relaxation during the
herence period acts as an effective increase of electr
phonon coupling strength of the exciton states and con
quently reduces the peak shift significantly from th
provided by a model containing only exchange narrowin
The balance between the modulation of the electron–pho
coupling strengths due to exchange narrowing and exc
relaxation during the coherence period determines the in
peak shift as well as the overall offset.

Now we discuss a possible origin for the slowly deca
ing component. For weakly electronically coupled system

ize
FIG. 10. The peak shift profiles for modelJ-aggregates~N540,Ndel55!. N
and Ndel represent the total aggregate size and the delocalization leng
J-aggregates, respectively. The solid line with open circles represents
peak shifts for the exchange-narrowed system. The solid line with fi
circles represents the peak shifts in the presence of the exciton relaxa
The peak shift of the monomer~solid line! is also shown.
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Yang and Fleming have developed expression for the th
order response incorporating incoherent hopping betw
chromophores.32,37 The third-order response function asso
ated with the energy is given by

R~ t,T,t!5Recho~ t,T,t!PD~T!1RFID~ t,T,t!PA~T!,
~17!

wherePD(T) andPA(T) are the donor and acceptor popul
tions at timeT. The first term is generated by energy dono
created by the laser field and has a rephasing capability
thus gives an echo signal. Once the excitation energy tr
fers to an independent chromophore~acceptor!, the initial
memory attained at the donor is lost and a free induct
decay~FID! signal, which has no rephasing capability, r
sults ~second term!. As the energy transfer occurs, the re
tive contribution of the free induction decay to the echo s
nal increases and, consequently, the peak shift decays
the energy transfer time scale. In this case, the peak shift
been shown to be given by a product of the peak shift o
reference system~in the absence of the hopping process! and
the population kinetics.32,34,37We may extend this picture to
the 3PEPS signals of disordered aggregates. In this c
PD(T) is defined as the sum of the population remaining
the initially prepared states. The initial population is det
mined by the oscillator strength of the exciton states and
spectrum of the excitation pulse.PA(T) is defined as the sum
of the population on states transferred to that are within
laser spectrum.

Since the absolute magnitude of the peak shift depe
on the interplay between the exchange narrowing and
time broadening due to the exciton relaxation, we use
normalized peak shift profile for comparison of the tim
scale in the peak shift profiles and the exciton populat
relaxation time scale. The normalized peak shift profile fro
simulated peak shift data is given by

dt* ~T!5
t* ~T!2t* ~`!

t* ~0!2t* ~`!
, ~18!

wheret* (T) is the peak shift at population timeT.
As a simple extension of the conclusion made for

peak shift on the incoherent energy transfer system, we
sume that Eq.~18! can be separated as

dt* ~T!'
texchange* ~T!

texchange* ~0!
dj~T!, ~19!

dj~T!5
j~T!2j~`!

j~0!2j~`!
, ~20!

j~T!5
PD~T!

PD~T!1PA~T!
, ~21!

where texchange* (T) is the peak shift at population timeT
when we neglect population transfer andj(T) describes the
relative population of exciton states with rephasing capa
ity to the total population of optically active states. Equati
~19! is a product of the peak shift of the reference system~in
the absence of exciton relaxation! and population kinetics
and implies that the time-dependent peak shift data refl
the exciton transfer kinetics.
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Figure 11 shows the time dependence ofPD(T), PA(T),
andj(T) calculated with the same parameters as in Fig.
The sum of donor and acceptor population becomes sm
than unity at long times since some population moves ou
the laser window. With these data, we constructed the qu
tity given by Eq.~19! and display it in Fig. 12 along with the
exact normalized peak shift, Eq.~18! in which t* (T) is cal-
culated by the full response function discussed in Sec. II
The agreement between Eqs.~18! and ~19! is fairly good
even though there is a clear difference over the initial 200
of the population time. This reasonable agreement leads u
conclude that the 3PEPS data directly captures the exc
transfer process. From this comparison, we can see tha
slow component of our model calculation in Fig. 10 reflec
the exciton kinetics. When the intermolecular coupling
comparable to the static disorder~i.e., the system more
closely approaches incoherent hopping!, the agreement be
tween Eqs.~18! and~19! improves~the result is not shown!.
The simulated results for the other aggregate sizesN
510,20,30) but with the same delocalization length sh
similar behavior to that forN540 ~Fig. 12!. As N decreases
~while the delocalization length is fixed!, the amplitude of
the slowly decaying components representing the exciton
laxation decreases and a finite offset at longer popula
time is clearly seen~Fig. 13!. The approximate expression o

FIG. 11. Time dependence of donor population~solid line! and acceptor
population~dashed line! initially weighted by the laser spectrum and distr
bution of oscillator strengths. The time dependence of the donor popula
normalized by the sum of donor and acceptor population is also displa
~dashed-dotted line!.

FIG. 12. Comparison of the normalized peak shift profiles calculated fr
the simulated peak shift data@Eq. ~18!, solid line with open circles# and
calculated from the exciton population dynamics@Eq. ~19!, solid line with
filled circles#.
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Eq. ~18! deviates more from the exact values asN decreases
In this case, the space in which the exciton moves is limi
and the wave functions of differentk levels generally overlap
with each other. In such a situation, the exciton relaxat
does not cause a complete loss of memory in the sys
since the overlap of the exciton wave functions of the diff
ent levels transfers some information with the populat
relaxation. In this situation, the exciton relaxation cannot
described by an ‘‘incoherent hopping motion’’ between d
ferent sites in the aggregate. Figure 14 shows a model ca
lation of the peak shift profile for the case where the to
aggregate size is 20 and the delocalization length is 10
this case the system deviates further from ‘‘incoherent h
ping’’ than does the system in Fig. 10. In the absence
exciton relaxation, the initial peak shift starts at 50 fs a
decays to about 12 fs within 100 fs. On the other hand,
initial peak shift in the presence of the exciton relaxation
half of that without the exciton relaxation~;24 fs!. Now the
peak shift decays to nearly zero within 100 fs. In this ca
we do not see any slow decay in the peak shift. We beli
that this is because the large delocalization length makes
exchange-narrowed static disorder very small and the lo
time peak shift consequently close to zero. Although th
should occur a kind of hopping between different spatial
gions, we do not see any slow decay associated with

FIG. 13. Peak shift profiles for modelJ-aggregates in the presence of th
exciton relaxation. The delocalization length is fixed to 5. The aggreg
size is set to be 10~solid line!, 20 ~dashed line!, 30 ~dashed-dotted line! and
40 ~dotted line!.

FIG. 14. Peak shift profiles for modelJ-aggregates~N520, Ndel510!. The
solid line with open circles represents the peak shifts for the excha
narrowed system. The solid line with filled circles represents the peak s
in the presence of the exciton relaxation.
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process since the peak shift is already close to zero be
the process occurs. On the other hand, a lower initial valu
obtained because of the lifetime broadening associated
the exciton relaxation.

From these model calculations, we can make the follo
ing concluding remarks. Static energetic~i.e., diagonal! dis-
order is required to produce a finite peak shift at long tim
A strong Coulombic interaction between monomers redu
the effective static disorder due to exchange narrowi
When the reduced static disorder is still significant, we se
slow decaying component of the peak shift originating fro
a ‘‘hopping’’ process over more or less delocalized excit
units. Otherwise we do not see any slow component ass
ated with the ‘‘hopping’’ process. Dynamical disorder is n
completely subject to the exchange narrowing, but a part o
appears as lifetime broadening. Thus the effective dynam
disorder of delocalized exciton states does not differ as m
from that of the monomers as does the static disorder. A
result, the influence of strong Coulombic coupling on t
3PEPS data is most significant on the role of static disor
in determining the form of the peak shift decay.

C. Implication for experimental results

Based on our model calculations, the peak shift
J-aggregates in the absence of the exciton relaxation
higher than that for the monomer due to exchange narrow
on both dynamical and static disorder, and in this case
temporal profile of the peak shift should be similar to that
the monomer. Assuming, as noted earlier, that the mono
spectral densities are similar in methanol and water, we
make inferences for our 3PEPS data of the BICJ-aggregates
in water. First, a notable feature of the 3PEPS profile
J-aggregates is the slowly decaying component, which is
observed in the 3PEPS profile of the monomer. We sugg
that the slow component originates from a hopping proc
between groups of monomers that comprise an exciton u
Second, the initial peak shifts of the monomer a
J-aggregates are quite similar. From the absorption spectr
it is clear that there is substantial exchange narrowing. As
discussed above, the contrasting influence of exchange
rowing and lifetime broadening makes the initial peak sh
of theJ-aggregates similar to that of the monomer. Howev
when only the exchange-narrowing mechanism is incor
rated, one completely fails to explain the 3PEPS data
J-aggregates. At room temperature, the electron–pho
coupling strength should be much larger than that at l
temperature, and the effect of this should be properly
scribed. In the exciton basis, the electron–phonon coup
appears as an exchange-narrowed fluctuation and ca
population transfer. Neglect of either of these phenom
makes the description of the effect of the electron–phon
coupling incomplete.

We now briefly mention the implications of our resul
for the experimental data reported by other groups. van B
gel, Wiersma, and Duppen measured two-pulse photon e
signals for TDBCJ-aggregates in water.7 By comparing two-
pulse photon echo signals between DODCI in ethylene g
col and TDBC J-aggregates in water, they suggested t
exchange narrowing is effective for the slow components
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the fluctuations, while for the fast part of the fluctuations t
time scale and the coupling strengths are very similar to e
other, though they do not provide an explanation for t
finding. Clearly the suppression of the exchange narrow
for fast fluctuation can be understood in terms of the lifeti
broadening competing with the exchange-narrowed fluc
tion. Lee, Min, and Joo measured the peak shift profiles
the ICG J-aggregates and obtained temporal profiles of
peak shift similar to ours.49 Their data could be understood
a way similar to ours based on the findings of our mo
calculations.

We comment on the contribution of intramolecular v
brations to the exciton dynamics and the temporal profile
the transient grating signals forJ-aggregates. As clearly see
in the absorption spectrum of the BIC monomer, the intram
lecular vibrational contribution of monomer is larger than t
solvation contribution to the absorption line shape. Due
the exchange narrowing, the Franck–Condon activity of
intramolecular vibrational modes becomes weaker and
intensity of the absorption on the blue side of the spectr
becomes smaller than that of the monomer~see Fig. 3!. Fur-
thermore, oscillatory components are not seen in the 3P
profiles of theJ-aggregate in contrast to the monomer pe
shift. For our model calculations, the transition frequen
correlation function is modeled by a single Gaussian com
nent, and contributions to the transition frequency correlat
function slower than the time scale of the exciton relaxat
are regarded as static disorder. In our previous studies
investigated the influence of the intramolecular vibrations
3PEPS measurements of monomeric species.51,52Destructive
interference between many intramolecular vibrations cau
a very rapid decay in the transition frequency correlat
function and produces a strong excitation wavelength dep
dence of the 3PEPS profiles. The fast decay ofM (t) due to
the destructive interference of the intramolecular vibratio
could be incorporated effectively in the short-time comp
nent of fluctuations for isolated two-level systems. On
other hand, for an aggregate system, high-frequency vi
tional modes should be included as specific vibronic state
the exciton states. However, the inclusion of the entire
bronic structure vastly increases the numbers of the state
the calculation and is not practicable at present.

Finally, we briefly discuss the transient grating signa
Both the BIC monomer andJ-aggregate transient grating sig
nals have a,100-fs decay component. Similar ultrafa
components were seen in the transient grating and tran
absorption measurements for differentJ-aggregates.7,49 The
amplitude of this ultrafast component is larger in t
J-aggregates than in the monomer. For a dilute chromoph
in solution, this component results from the ultrafast rela
ation of the bath and the vibrational interference effect
scribed above. If we consider only the exciton structure a
exchange-narrowing mechanism forJ-aggregates, the ampli
tude of the ultrafast component becomes smaller comp
to that of the monomer because the exchange narrowing
duces the exciton–phonon coupling. As mentioned in the
troduction, transient grating signals are sensitive to the po
lation dynamics, i.e., the population transfer out of the la
bandwidth. Therefore the large amplitude of the ultraf
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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component may reflect the exciton population transfer
namics both within and out of the laser window. As me
tioned in Sec. IV B, the slower picosecond component at l
excitation intensity is due to exciton–exciton annihilation57

A microscopic description of this phenomenon has be
recently presented by Ryzhovet al.58

VI. CONCLUSION

We investigated the exciton dynamics of BI
J-aggregates in solution at room temperature by two type
third-order nonlinear optical spectroscopy. The temporal p
files of the transient grating signals depend strongly on
excitation intensity as a result of the exciton–exciton ann
lation process. The peak shift of the BIC monomer in met
nol decays with multiple time scales that represent the in
tial and diffusive parts of the solvation along with th
intramolecular vibrational contribution. On the other han
the peak shift of theJ-aggregates decays with time constan
of 26- and 128-fs. There is no finite peak shift on a long
time scale. We performed model calculations for the line
absorption spectrum and peak shift profiles forJ-aggregates.
The electronic state ofJ-aggregates is described by the Fre
kel exciton Hamiltonian, and the exciton population rela
ation process is described by Redfield equations.

Many of the experiments onJ-aggregates have been pe
formed at low temperature. In this case, the influence of
namical disorder will be minor, and the well-know
exchange-narrowing mechanism should be dominant in
spectroscopic behavior. This is no longer true at room te
perature where our experiments were carried out. In
case, dynamical disorder is significant and its proper inc
poration is essential. In this exciton representation, the
namical disorder appears as exchange-narrowed fluctua
and induces population transfer between the exciton sta
When only the former is included in our analysis we failed
explain our experimental 3PEPS data for theJ-aggregates.
The exchange-narrowed dynamical fluctuation and static
order yields very high values of the peak shift, which are n
observed in the experiment. Once we include the role
dynamic disorder in producing population transfer, the pe
shift is reduced to values similar to the monomer, in go
agreement with the experimental results. This reflects
fact that the dynamical disorder is not completely subjec
the exchange narrowing in contrast to the static disorder.
interplay between the exchange narrowing and the lifeti
broadening determines the magnitude of the effect
electron–phonon coupling strength resulting from the co
petition between the dynamical fluctuations of the monom
and the Coulombic coupling. The exciton relaxation not on
broadens the exchange-narrowed dynamical fluctuation o
exciton state but also averages out the exchange-narro
static disorder due to a ‘‘hopping’’ process. The latter proc
gives rise to a slow decay component in the 3PEPS d
when the exchange-narrowed static disorder is still n
negligible.
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