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The dynamics of one-dimensional excitons in liquids

Mirjam van Burgel, Douwe A. Wiersma, and Koos Duppen
Ultrafast Laser and Spectroscopy Laboratory, Department of Chemistry, Materials Science Center,
University of Groningen, Nijenborgh 4, 9747 AG, Groningen, The Netherlands

(Received 1 August 1994; accepted 23 September)1994

The properties of excitons in one-dimensional molecular aggregates, dissolved at room temperature
in a liquid, were studied by means of femtosecond nonlinear optical experiments. Both the
one-exciton band(i.e., Frenkel-excitonsand multiexciton bands contribute to the observed
nonlinear optical response. The rapid motions in the liquid lead to ultrafast perturbations of the
molecular energy levels. This localizes the excitons on limited sections of the chains of aggregated
molecules. Ultrafast frequency-resolved pump—probe spectroscopy on the lowest two exciton bands
was employed to determine the delocalization length of the optical excitations. The kinetics of the
exciton populations was measured by ultrafast grating scattering experiments and time-resolved
single photon counting. A model is described in which the multiexciton bands act as doorway states
in the exciton—exciton annihilation process. These bands thereby determine the population decay of
the Frenkel excitons at high excitation densities. Room temperature photon echo experiments show
that stochastic perturbations of the exciton transition frequencies occur on two distinct time scales.
In particular the slow components of the fluctuations are affected by motional narrowing, associated
with the exciton delocalization length. It is therefore argued that the optical dephasing of excitons
is directly related to the spatial extent of the excitation on the aggregate chait99® American
Institute of Physics.

I. INTRODUCTION In the past decade, the effects of energetic disorder on
the localization of excitation and the corresponding reduction
Aggregates of molecules are nanostructures that have

properties between those of a single molecule and bulk maOf collective effects in thénon- linear optical response was

terial. The size of these aggregates may be rather Sma(ﬁxtensively stgdie&%‘lsThis was usually done fof static dis-

(2-10 monomer unijs such as for instance found for pho- o_rder_, neglectmg_dynamlc aspects due to coupllr_lg .Of the ex-
tosensitizing dye molecules on silver halogenitiésit they C't‘?”'c_ system with a he‘?t _bath._Then the descrlpt!on of lo-
may also contain hundreds or thousands of molecules. E)g_allzgtlon_ can he done V\,"thm a simple e!genstate plcture;. the
amples of such large aggregates are the light harvesting pié—l.amntoma'n in th.e baS|s. set of the smgle-molecgle site-
ment molecules in natural photosynthetic antenna syStem&igenfunctions, with off-diagonal elements due to intermo-
and liquid solutions of certain kinds of dye molecufes. lecular couplings, is diagonalized to yield the delocalized

These systems have attracted a lot of attention, in particuldiXCiton energies in the basis set of exciton wave functions.
in view of their optical properties, which are distinctly dif- 1n€ energetic disorder is taken into account by assuming a
ferent from those of the single molecules that constitute th&tatic distribution in single-molecule energies and/or inter-
aggregate. A strong dependence on the size of the aggregé{plecular couplmgs: This plctgre |n-pr|nC|pIe only h.olds for
is observed, for instance of optical nonlinearitténr of the ~ Zero-temperature, since coupling with a heat bath is not ex-
superradiance decay rdt&Such enhancement arises due toPlicitly considered in the transition from the single-molecule
excitonic interactions between the molecules, which caust the exciton picture. _ _
delocalization of the optical excitation over the monomers of At finite temperatures, the single-molecule energies and
the aggregaté:® intermolecular couplings fluctuate in a random manner, lead-

Whereas the intermolecular interaction is the drivinging to energetic disorder of a dynamical nature. Again, even
force for delocalization of the excitation over the entire ag-in the absence of static disorder, localization of the excitation
gregate, energetic disorder in the single-molecule energies & expected. This is a more complicated process than the
in the couplings between the molecules tend to localize th@ero-temperature case, where the localization is fully deter-
excited-state wave function on a finite section of themined by the balance between the intermolecular coupling
aggregaté? The delocalization range is then determined byand the energetic disorder. At room temperature, the time
the relative magnitude of the intermolecular coupling com-scales that are associated with the coherent motion of the
pared to the energetic disorder, instead of by the physicatxciton and with the solvent perturbations, have to be con-
size of the aggregate. The size dependence of the opticaldered as well.
properties thus only exists for aggregates that are small com- For aggregates in liquid solution, at room temperature,
pared to this delocalizatiofor coherence-length. For larger the dynamical aspects of the disorder cannot be ignored. The
aggregates the localization limits the expected enhancemesingle-molecule energy levels are subject to very rapid per-
of the optical response, although the exciton may propagatiirbations from the solvent molecules. For individually sol-
in an incoherent way over the entire physical size of thevated molecules this leads to ultrafast dephasing of the opti-
aggregate. cal transitions, which was in recent years extensively studied
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Sec. lll, some aspects of the conventional theory for one-
dimensional molecular excitons will be briefly reviewed.
This part of the paper provides the background for the dis-
cussion of the experimental results, reported in the other sec-
tions of this paper. In Sec. IV, results of pump—probe experi-
ments will be analyzed. In these nonlinear experiments, the
presence of multiexciton bands clearly shows up. This fea-
ture can be used to determine the delocalization length of the

excitons. In Sec. V, results of exciton lifetime experiments
will be discussed. The relaxation time is shown to depend on
excitation density, which points to contributions from higher
exciton bands to the observed decay, or exciton—exciton an-
nihilation of one-excitons as a decay channel. A simple ki-
netic picture of this process is presented, in which the mul-
tiexciton bands act as doorway states in the annihilation
FIG. 1. Room temperature absorption spectra of TDBC in water. At veryProcess. In Sec. VI, the optical dephasing of the exciton tran-
low concentratioric<10"® M) absorption of monomers is observgiished  sitions is described, as measured in '[Wo-pulse photon echo
line). At a concentration 06=5X10"° M, hardly any monomer absorption experiments. When Iarge pulse angles are used. coherences
is visible anymore(solid line), since the molecules have aggregated into t th . It it ¢ it . . t, int it
long one-dimensional chains. The red-shifted absorption at 587 nm is due gt the various muitiexciton transitions give rise _o '|n ensity
the excitation of Frenkel excitons on these chains. The molecular structurdependent phenomena. In the low pulse-angle limit, the dy-
of TDBC is shown in the inset. namics of the optical transitions of the lowest two exciton-
bands is measured. Motional averaging of the exciton over
part of the solvent fluctuations is shown to occur. Finally, in

by a number of ultrafast techniques, such as transient holgec' VII, our findings are summarized and some conclusions

burning’® two- and three-pulse photon echd8<?® and are drawn regarding a full microscopic description that con-

chirped four-wave mixing”?® For aggregates, the fluctua- "€¢tS optical dephasing and localization of these excitonic

tions lead to optical dephasing of the exciton optical transi-SyStemS'

tions, and in addition they lead to localization of the excita-
tlon_. Therefore_, the spatial _extent of _t_he exciton and thql_ EXPERIMENT
optical dephasing of the exciton transitions are both deter-
mined by the same physical phenomenon: the coupling ofthe TDBC is the sodium salt of 1;idiethyl-3,3-
aggregate energy levels with a heat bath. A microscopibis(4-sulfobuty)-5,5',6,6 -tetrachloro-benzimidazolo  car-
theory of this connection has not been formulated, yet. bocyanine. This material was purchased from Ng&pan
The nature of the optical transitions of room temperatureResearch Institute for Photosensitizing Dyes Co., Tokyo, Ja-
aggregates as well as their dynamics are presently not vepan and used by us without further purification. Aggregation
well known. In this paper, the level structure and the dynam-occurred spontaneously when TDBC was dissolved in bidis-
ics of a linear aggregate, called TDBC, will be studied intilled water with a concentration of aboutxd0 > M. The
liquid solution by ultrafast optical experiments. In Fig. 1, the pH of the solution was carefully adjusted at 11.0 by adding
absorption spectrum of TDBC-molecules in water is shownNaOH, to prevent dye protonation. No monomers were ob-
together with the chemical structure of this molecule. Theserved in any of the absorption spectra of the samples that
monomer absorption spectrum can only be observed at venyere used for the time-resolved experiments. The sample
low concentrationg<10 ® M). As the concentration is in- consisted of a flowing jet stream with a thickness of about
creased, a sharp band appears that is considerably red-shift2d0 um. The optical density varied with concentration and
from the maximum of the monomer absorption band. Thisthickness of the jet from O.D. 0.4 up to O.D. 0.8 for light
new feature is due to the aggregation of the TDBC mol-polarized parallel to the direction of the flow. Due to the
ecules. orientation of the linear aggregates in the jet stream, the op-
We report here on ultrafast pump—probe experiments otical density was about twice as low for polarization perpen-
the exciton bands of these aggregates, which provides infodicular to the direction of the flow.
mation on the spatial extent of the excitons. Grating scatter- The optical set-up, used for the photon echo, grating
ing, time-resolved photon counting and photon echo experiscattering, and pump—probe experiments, was the same as
ments were employed to characterize the population decagescribed previousK? Pulses from a colliding-pulse-mode-
and dephasing dynamics of the excitons under various exclecked (CPM) dye-laser(homebuilj, pumped by an argon
tation conditions. The results of all experiments are interdion laser(Coherent 90-h were amplified by a copper-vapor
preted in terms of a single model, based on conventiondhser(Oxford Lasers, ACL 3bat a repetition rate of 8.3 kHz.
exciton band theory for one-dimensional molecular systemsRart of the amplified lightpulse energy 10 ndvas injected
with stochastic fluctuations of the transition frequencies ainto an optical fiber to increase the spectral bandwidth by
two, ultrafast time scales. self-phase modulation. Subsequently, the light beam was sent
The paper is organized as follows: In Sec. Il, the varioughrough a compressor, consisting of a set of two gratings and
experiments and the sample handling will be described. Ifiour prisms. This yielded a pulse duration of 10 fs, as mea-

450 500 550 600

WAVELENGTH (hm)
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22 van Burgel, Wiersma, and Duppen: One-dimensional excitons in liquids

sured by an autocorrelation experiment in a 0@ thick
KDP crystal.

Depending on the requirements of the experiments, ei-
ther two or three excitation and probe pulses were employed.
At the sample, the energy of each 10 fs pulse was about 0.2
nJ (=~6x10° photons/pulsg Focused with a 75 mm focal
length lens, this gives @wo-level) pulse angle of more than
®=7/2 on the strongest aggregate exciton transitisee
Sec. V). At times neutral-density filters were used to limit
the pulse energy to the small-andfgerturbative} limit. To
maintain short pulse durations at the sample, the pulse com-
pressor was then readjusted to precompensate for the optical
dispersion in the filters.

The coherent signals were observed as a function of the
delay between the excitation and probe pulses. In case of the |g>
photon echo and grating scattering experiments, the average

power of the signal was detected by a photomultip{EEMI _ .
9816, and processed by a lock-in amplifilEEG&G 5209 Flr?.hZ. Level structure of linear aggregate_s. ThereNrexciton bands, of
which the lowest two are shown. The one-exciton band has a widtl of 2
operating at 1.2 kHz. In case of the pump—probe experiand consists oN states, labeled by quantum numberThe two-exciton
ments, differential absorption spectra were obtained by takband has a width of¥ and containd(N—1)/2 states, labeled by quantum
ing the difference of the probe absorption spectrum with andumbersky andk, (k;>k;). The states at the bottom of the band, that
; . determine the optical response, are shown enlarged at the right with their
without pumping pulses present. These spectra were I'%orresponding quantum numbers. The scale of the enlargement is deter-
corded with an OMA-system (Princeton Instruments mined by the number of states in the band. The rate constaate dis-
ST1000. cussed in Sec. V.
Time-correlated single photon counting was performed
using a microchannel plate detect@rlamamatsu 1534-
U01V), mounted on a simple prism monochromator. TheHere,w, is the transition frequency of molecute b} andb,,
fluorescence was induced with one of the femtosecondre the conventional Pauli creation and annihilation operators
pulses, while another one triggered the time-to-amplituddor an excitation on molecule, andV,,, is the interaction
converter (Ortec 457. The overall response time of this petween molecules and m. When only nearest-neighbor
set-up was about 40 ps. coupling (Vom=Vnn=1) is considered, the Jordan—Wigner
transformation converts the Paulions of Eij) into nonin-
teracting Fermions, which has the important advantage that
all 2N eigenstates of the aggregate can be obtained from the
When TDBC is dissolved in water at high concentrationdiagonalization of theNxN matrix .7 .*3~3° The Hamil-
(c>10"° M), aggregates are formed which presumably haveonian .7 is identical to Eq.(1), but b and b, are now
a linear, quasi-one-dimensional structéfté! As shown in  Fermion creation and annihilation operatdts:>
Fig. 1, a relatively sharp aggregate absorption b@wHM Since the number of excitations is conserved in the op-
250 cm 1) is observed at 587 nm, red-shifted from the maxi-eration of .77, the aggregate eigenstates separate khto
mum of the broad monomer absorption band at 513 nnuifferent sets of linear combinations of single-molecule
(FWHM 900 cm'Y). This new feature is due to the intermo- states, each with a fixed number of single-molecule excita-
lecular coupling between the TDBC molecules, which causetions present. These are the one-, two-, three{\:exciton
delocalization of the electronic excitations of TDBC over bands, of which the lowest two are displayed in Fig. 2. The
many sites of the aggregate. This is usually modeled in termigh band contains'\ib states, which are labeled with quantum
of linear chains of two-level systems with parallel transitionnumbersk;>k,>--->k; with k=1,...N. A general eigenstate
dipoles of magnitudew.”~%-1"Without going into detail, in theith band can be written as
we will briefly describe here how coupled two-level sys- N
Fems give rise topiaggreggte levels, and how these se_parat?kl,kz,m’m: E del by s Drrser i)
into exciton bands in which a certain number of single- T o

12e>

N WWARNOO
IR TN

“NW N O

Ill. ONE-DIMENSIONAL MOLECULAR EXCITONS

ng.ny..nj=1

molecule excitations is present. ni>--ny>ng
The electronic states of the aggregate can be described
by the Frenkel-exciton Hamiltonial, X[ng,ng,...ni) )
N N with eigenfrequency
}7/=ﬁ2 a)n(bzbn)-Fﬁ 2 Vnm(blbm-f—b;]bn) Q=N+ +-+ Q. 3
n=1 nm=1 1%2 i 1 2 i
n#m Here |n;,n,,..n;) denotes a state where molecules
N n.,n,,...N; are excited and the others are in the ground state,
= > Hym(blom). (1)  def---) denotes the Slater determinant of the componepts
nm=1 of the normalized eigenvectors oF/g, and () is an eigen-
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van Burgel, Wiersma, and Duppen: One-dimensional excitons in liquids 23

frequency associated with quantum numkeiThe operator while the eigenfrequencies are given by E). The states at
for dipole transitions between these eigenstates is the bottom of this band are shown enlarged on the lower
right-hand side of Fig. 2. The transition moments from the

N
P Ay s ground statdg) to the variousk-states of the one-exciton
P=2 un(by+by), @ band are given by
n=1

PN
where u, is the dipole matrix element of the single mol- Lka= Fmon / 2 1-(=1 cot{ 7k
ecules. Equatiort4) shows that optical transitions are only 9 N+1 2 2(N+1)

allowed between two consecutive exciton manifolds.

For homogeneous aggregates, in which all sites have tha0: Only states with an odd quantum numkerave oscilla-
same energyw,=w) and all intermolecular couplings are tor strength(dipole moment squarg¢dand hence only these

equal (V, ,.,=V), the delocalized eigenstates E), the states are yisible in (iinear—} absorptior) spectrum as dis-
eigenfrequencies Eq3), and the transition probabilities Eq. Played in Fig. 1. The state witk=1 contains by far the most
(4) can be found analyticalf?~3° Energetic disordefstatic ~ Scillator strength: up to 0.88+1) iy, for N>1, which is
and/or dynamigcan be included in the model, by assuming about 81% of the total oscillator strength of the ground state
some distribution or dynamic behavior of the single- to one-exciton transition. When the interaction enexgys

molecule frequencies and the intermolecular couplings, buf€9ative(J-aggregates which is the case for TDBC in wa-

then the diagonalization of the Hamiltonian can only be peri€': this state can be found at the bottom of the one-exciton

formed numerically. For small disordézompared to the in- Pand[see Eq.(6)]. Hence, the aggregation leads to a red-

termolecular coupling the homogeneous eigenstates form aSMifted absorption compared to the monomer, with an asym-
good starting point for perturbative treatmetd? metric tail to the high-energy side where absorption occurs to

We will use the general results of homogeneous aggret-he higherk stz:_ttes(k:3,53..). The Iarge oscillator st_rength of
gates here as well, before we treat stochastic perturbations §iek=1 state 3 [SSpO”S'ble for exciton super-radiance at low
the energy levels in Sec. VI. The fact that disorder leads tdemperature§:* .
localization and optical dephasing is then taken care of in a_ " the two-exciton band, Nnolecules on the aggregate
phenomenological way. One immediate consequence is th4f'@in share wo single-molecule excitations. This band is
the number of moleculeN, which appears in Eqgl), (2), centered at twice the_smgl_e-molecul_e transition frequency
and (4), does not refer to the physical size of the aggregate&nd has a width of eight times the interaction enevgbe-
anymore, due to the localization. The excitation only extenddVéen the molecules in the chain. Since optical transitions
over an, as yet unknown, smaller subsection of the aggregaf@n ©nly occur between two adjacent exciton bands, two-

chain. This means thad now designates the delocalization €XCiton states can only be probed by nonlinear optical ex-
length of the excitons, instead of the physical length. periments. Of course, this also hold for the higher exciton

For homogeneous aggregates, the compongnisf the bands(the three-, four—,..N-excitpn bands The states of the
eigenvectors are analytically derived to*ba® two-exciton bgnd are characterized by two quantum numbers
k, andk,, which can take values from 1 88 (k;>k,). The
2 eigenfrequencies are, according to E8), the sum of the
b=\ g SN (5  two independent one-exciton eigenfrequencies associated
with both k numbers. However, the wave functions of the
and the eigenfrequencie®, associated with each quantum two-exciton band areot the product of two independent
numberk, are found to be one-exciton wave functions. This is a consequence of the
Pauli exclusion principle; a molecule cannot be doubly ex-

. (8

7kn

N+1

7k cited. The N(N—1)/2 wave functions of the two-exciton

Y=o t2V cos(m : 6 band can be found by inserting E) in Eq. (2),
By using these results in Eq&)—(4), expressions for all"2 N
eigenstates with the corresponding eigenvalues and transitidhis K2)= 2 (S0, Pion, ™ P, Pion)|N1.N2)
moments can be found. We will briefly describe here some ny,np=1
relevant aspects of the lowest exciton bands. N2>Ny

In thg oneexciton_ band N moIecuIe; on the aggre- 2 N ( mkyny kN,
gate chain share one single-molecule excitation. This band is = sin
centered at the single-molecule transition frequea¢yand N+ln1,n2:1 N+1 N+1
has a width of four times the interaction energybetween np>ny
the molecules in the chain. The delocalized states are the

. . . i 7Tkln2 ) ’7Tk2n1

well-known Frenkel exciton& which are characterized by a —sin ) n ——={|ny,ny). 9
single quantum numbek. The N eigenstates of this band N+1 N+1

follow from Egs.(2) and(5), It immediately follows that states with the two quantum

numbersk; andk, equal do not exist, due to the Pauli ex-
In) (7) clusion principle. Hence, the lowest energy state of the two-
exciton band isnot k;=1, k,=1, butk,=2, k,=1. Conse-

wkn
N+1

N 5N
k=2 braln)= mE sin
n=1 n=1
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24 van Burgel, Wiersma, and Duppen: One-dimensional excitons in liquids

quently, the energy difference between the bottom of thestates at the bottom of the two-exciton band are shown en-
one- and two-exciton bands is larger than the energy differlarged on the upper right-hand side of Fig. 2.

ence between the ground state and the one-exciton band. The general expression for the transition moments be-
This feature can be employed to determine the delocalizatiotween the k-states of the one-exciton band and the
length of the exciton, as will be discussed in Sec. IV. Thek k,-states of the two-exciton band, is given®by

B [ 2 ( 1+(—1)k wky 1+(—1)k )
Mk ky k= Mmon N+l\5k2,k 2 co 2(N+1) — Ok, k 2 co 2(N+1) +1/2( 8¢, —k,~k,0™ Ok, —ky+k,0)
x s 21205 5 ks ke 10
co 2(N+1) co 2(N+l) + [ ki +ko+k,2(N+1) kl+k2—k,0] co 2(N+l) co 2(N+1) . ( )

The properties of these transition moments are similar térom the two-exciton bantf In case of Frenkel excitons, the
those of the ground state to one-exciton band transitions. Fanteractions are expected to be rather weak. It is at the mo-
instance, the dominant transition from the one-exciterii. ~ ment not clear whether biexcitonic states play any role at all
state is toward thek;=2, k,=1 state of the two-exciton in the nonlinear optical response of molecular systems. Since
manifold, which is located at the bottom of that band. Theso far no clear spectroscopic evidence has been reported for
oscillator strength of this transition is 1@F+1)u2,, for  the existence of Frenkel interexcitonic interactions, we will
N>1, which is about 70% of the total oscillator strength of neglect them in the remainder of this paper.
the k=1 one-exciton state to the two-exciton band.

Expressions for states in the higher exciton bands can b&/. EXCITON DELOCALIZATION LENGTH

obtaingd '(? the san’ln_e_vlva?:, using ?(@)—(6).]‘.Thiseh_we Wi"_ The(nonJ linear optical properties of aggregates depend
not write own exp icitly here. Be ore we finis this sgctlon on the delocalization length of the electronically excited
on the theoretical background, we will briefly summarize the

. e ) ) states. In general, this length is not known, and models are
most important simplifying assumptions that were intro-qq ired to extract it from the optical response. Localization

duced, to be able to assess the validity of the theory for thgy excitation is related to the breaking of translation symme-
mter'pretatlon of the experimental results of the followmgtry, which in liquids has a dynamical nature. Consequently,
sectm_ns. depending on the time scale of the experiment, a distribution
Since we employ the results of homogeneous aggregaig exciton delocalization lengths will be found for an en-
thepry as a b§3|s for a treatment of localization effects andemple of excited aggregates. To determine the average num-
optical dynamics, the quantum numbéss...k; have to be  per of TDBC molecules with coherently coupled electronic
relevant for the identification of quantum states in the presgycited states, we investigated the level structure of the low-

ence of static or dynamic disorder. The various states in agst two exciton bands. This was performed by pump—probe
exciton band can in pl’inCipIe be identified when theexperiments with ultrashort ||ght pu|Ses_

linewidths of the transitions between these states are less In a pump_probe experiment on aggregate excitons, the

than their energy separatiofl,— .. ;. Since the linewidth  pump pulse creates predominantly one-excitons in the lower
is determined by damping processes, and the separation Rystates [see Eq. (8)]. These transitions are therefore
the delocalization lengttN, which itself is dependent on bleached for the duration of the population lifetime of the
damping processes, this condition may always be fulfilled. excitons, which can be measured with a delayed probe pulse.

The theory holds for one-dimensional aggregates withn addition, the excited state population of one-excitons
only nearest-neighbor coupling. Fiddgral. showed that the gives rise to absorption on the one- to two-exciton transi-
exciton energy levels shift downward when interactions betions. This was only recently demonstrated by Fideleal *°
tween all molecules are taken into account, instead of onland by Minoshimaet al®® for PIC aggregates, and by
nearest-neighbor couplingdAdditional shifts may also oc-  Johnsoret al*! for BIC aggregates. The absorption is some-
cur due to a difference in solvation energy of the aggregateg/hat blue-shifted compared to the bleach, which, as we will
compared to the monom&For the purpose of this paper on demonstrate, can be employed to determine the delocaliza-
localization and optical dynamics of excitons in moleculartion length of the excitons.
aggregates, these effects are of minor importance. They The strongest bleach on the transition from the ground
mainly lead to a modification in the experimentally deter-state to the one-exciton band involves #vel state, with a
mined value of the nearest-neighbor coupling constait  transition frequency wy_—;=w+2V coga/(N+1)], ac-
and to a lesser extent of the delocalization length cording to Eqgs(3) and (6). Here, w is the single-molecule

A more important point is the neglect of exciton—exciton transition frequency of TDBC, an¥ is the intermolecular
interactions in the calculations of the multiexciton bands.coupling in the TDBC-aggregate, as derived from the differ-
Such interactions may lead to states with a different characence between the single-molecu&l3 nm and aggregate
ter, for example biexcitons may be formed which are split-off(587 nn) absorption maximgEqg. (6) in the limit N>1 gives
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2V=2455 cml]. The strongest absorption from the=1
one-exciton state involves thiek,=2,1 state of the two- 0.1
exciton band, as discussed in the previous se¢won(10)].

The frequency of this transition is, according to E¢®.and

(6), wy=1_k1k2=2,1= @+ 2V cog27/(N+1)]. The difference
between the pump-pulse induced bleach on the dominant
ground state transition and the pump-pulse induced absorp-
tion on the dominant excited transition therefore is

T 2
COSNT1) OiNT1

2
~ _2377 v (11) WAVELENGTH (hm)
(N+1)="

—-0.0 p===

AL DENSITY

OPTI
|
O

Whleach  Wabsorption 2v

where the approximate equality holds fd&-1. This differ- o1k
ence can be measured in a pump—probe experiment.
Equation(11) shows that the difference between bleach
and induced absorption is a function of the delocalization &
length N. The reason for this dependence is the reducedJ
phase space in the higher exciton bands. In the single-<
molecule picture this arises due to the fact that a two-level &
molecule cannot be excited twice. This was discussed in the%
previous section. For small delocalization lengths, the “prob-
ability” for two single-molecule excitations in the two- : : : : '
exciton band to be at the same site is higher than for large 570 880 590 600
delocalization lengths. The difference between the various
transitions therefore depends explicitly on the delocalization

length.
. _ . IG. 3. (a) Frequency-resolved pump—probe signal of TDBC in water, per-
In Figs. 3, results are shown of pump prObe experiment ormed with broad bandwidth optical pulses with a duration of 1(ofsen

with short(10 f) optical pulses. The differential spectrum is circles. The pump—probe delay is 0 fs. A bleategative signaland an
plotted, i.e., the difference in the probe absorption spectrunmduced absorptiorfpositive signal partially overlap. The solid line is a
with and without the pump pulse. For a detailed analysis ofimulation of the signal, based on E(2) with a delocalization length of 15

. . TDBC- F ison, the calculated results with exciton delo-
these spectra, it does not suffice to look at only the twa. - . norormers: FOr Companson, e caicuiated resuts with excion delo

o calization lengths of 10 monome(lng dashegdand 20 monomergshort

strongest transitions. More spectral components, althoughashei are also shown(b) Frequency-resolved pump—probe signal of

weaker, contribute to the observed line shapes. In additior,DBC in water for three different delays of the probe pulse; Gid line),

all lines are appreciably broadened by optical dephasing, S%po fs (dashed ling and 2000 f9dotted ling. The rapid decrea_se of the

that the bleach and induced absorption partially overlaps!gnal at small deli':ly is due to_ the coherent aytef_act that contributes to the
3 0 . . signal when pump- and probe-pulses overlap in time.

which causes an artificial shift of the maxima. We therefore

have to take into account the level structure of the exciton

bandgEgs.(2) and(5)], and the relevant transition moments

[Egs.(8) and (10)]. AA(w)=—
The 10 fs pump—pulse causes bleaching over the entire

absorption spectrum of the aggregate, due to its large band-

width. This means that the number of one-excitons, that are +

created in eack-state, is simply proportional to the oscilla-

tor strengthyy 4, given by Eq.(8), while the ground state Here, it is assumed that the lineshape functiti) is the

population is reduced with a factor proportional¥pug ;.  same for all transitions. It will be shown in Sec. VI, where

The interaction of the probe pulse with the sample can behe results of photon echo experiments are discussed, that

separated into three partd) stimulated emission from the this line shape function is determined by stochastic fluctua-

excited one-excitok-states to the ground state uf ;); (2)  tions of the transition frequencies at two different time

bleach of the absorption from the ground state to the onescales. The form oF (w) is given in Eq.(23).

>
=
[90)]

-0.0

WAVELENGTH {(nm)

D ik gt o(1+ ) F0g_y— o)
k,k’

2 Mi,gl-’vﬁlkz,kF(wk_»klkz—w)] (12)
kpko k

excitonk’-stateg~ ,ui,'g), wherek’ is not necessarily equal Using Eq.(12), the initial pump—probe spectrum, before
to k; (3) induced absorption from the one-excithrstates to  population relaxation becomes important, can be calculated.
the two-excitonk,k, states(~,u§lk2,k). For the bleach signal, given by the first part of Et2), all

When we sum up all these contributions to the proberansitions between the ground state and the one-exciton
transmission, and subtract the probe absorption spectrutvand withk and/ork’=1, 3, 5, and 7 were taken into ac-
without the pump pulse present, the result is the differentiatount. The transition momenis, 4 are given by Eq(8) and
absorption spectrum for zero pump—probe delay, the transition frequencies,_.,= by Eq.(6). Other states
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in the one-exciton band were not considered, since the rel- 10°
evant oscillator strengths are negligililess than 1% of the
strongest transition For the excited-state absorption signal
(which has opposite sign compared to the bleach pehk
transitions from the one-exciton states 1, 3, and 5 were
considered. The largest transition momepjs,, \ involve,
according to Eq(10), the two-excitork,k,-states 21 and 32,
41 and 32, and 61 and 52, respectively. The transition fre-
guenciesw, _ x1x2= Qe —Q Were calculated with Eq$3)
and (6). It follows that a number of these transition are de-
generatgw; 1= w3 3= Ws_s5p)- 100 i
The calculated differential absorption spectrum is com-
pared with the experiment in Fig(& for different delocal-
ization lengthsN. From the similarity between the calcula-
tion for N=15 and the experimental result, we can conclude
that the average delocalization length of excitons of TDBC- 10%
aggregates in room temperature water is about 15 molecules.
For lower values oN the maxima of the bleach and stimu-
lated absorption are too far apart, while for higher values of
N the bleach is too large compared to the stimulated absorp-
tion. The high energy side of the spectrum, where the calcu-
lated result foN=15 deviates substantially from the experi-
mental result, may be affected by transitions from the two-
exciton band to the three-exciton band and higféf. 10"
In Fig. 3(b) is shown how the pump—probe signal rap-
idly decreases when very small delays are introduced be-
tween the pump- and probe-pulses, while for larger delays
hardly any change seems to occur at all. The fast decrease of TIME (ps)
the signal does not represent ultrafast dynamics, such as has

been suggested by Minoshineaal* for PIC-aggregates at _ o _ _
FIG. 4. (a) Grating scattering signal of TDBC in water, measured with 10 fs

43
low temperaiure an_d Gagdt al:* for PIC aggregates at optical pulses. The layout of the experiment is shown in the inset. The probe
room temperature, since the decrease follows the pulse envgsamk, is not in the same plane as the excitation be&mandk,. The
lope. Instead, the additional signal around zero-delay is dugmooth solid curve is a calculation, based on the exciton—exciton annihila-
to coherent coupling between both optical beams. This givegon model of Eq.(15) with parameters mentioned in the text. The grating
: : “ ” scattering signal is proportional to¢(t) squared(b) Time-resolved single-
!‘Ise to the eXp_enmema"y Observed_ coherent artefact,” tha hoton counting decay of TDBC in water. The solid curve is the experiment
is well-known in pump—probe experiments on two-level SyS-and the dashed one the time response of the system, as measured from a
tems. For three- or more-level systems such as aggregates@nabsorbing scattering 'medium. The smoot_h solid curve _is a convolution of
similar effect takes place; when the optical pulses overlap ithe system response with the exciton—exciton annihilation theory of Eq.
. . L . . (15). The photon counting signal is proportionalrig.(t).
time more permutations in field orderings contribute to the
observed signal than at finite delay. Hence, a rapid initial
decrease of the signal is observed for small delays.

For well-separated optical pulses, the development of th

O
[N

INTENSITY

10"t

PULSE DELAY TIME (ps)

10°

107

COUNTS

Uy
\‘J W\ 1]

. . . AT,
O 250 500 750 1000 1250

lained in terms of a distribution of exciton delocalization

engths in the samplE. However, the decay times of the

signal as a function of pump—probe delay does reflect th?hultiexponent may differ considerabiy2%*which suggests
true dynamics pf the sy;tem._ we fo.un(-j that thg gecay of th"f'hat fundamentally different states contribute to the observed
pgmp—prqbe signal vgngd with excitation cgndlthns. AS Wedecay. We present here results on the population decay of
will show in Sec._V, th!s 'S probabl){ due to intensity deF’en'TDBC in water, and interpret these in a simple kinetic
dent(de-) population via higher exciton bands. model, based on population dynamics among the various ex-
citon bands. Both the annihilation picture and multiexponen-
tial population decay can be obtained from this model when
For many aggregates, several population relaxationhe proper limits of the decay parameters are taken.
times have been reported. TDBC is no exception to this rule; In Fig. 4(a) the result is shown of a population-grating
Makio et al. reported an exciton lifetime of 62 p8while  scattering experiment. Here, two femtosecond excitation
Lindrum et al. concluded that this lifetime was 96 psltis  pulses, with wave vectork; and k,, are crossed with an
now well-established that the experimental excitation intenangle of ~5° in the sample, in order to induce a spatially
sity strongly influences the observed decay f4t@°This is  modulated distribution of excited aggregates. A third pulse,
usually interpreted phenomenologically in terms of exciton—-with wave vectorks, scatters from the resulting amplitude
exciton annihilatio® without further specification of the hologram in the phase-matched directibp=k;+ (k,—ky).
physics of the annihilation process. Also, multiexponentialThe beam geometry is shown in the inset of Fi@)4When
decay is often observed:*>*3which can in principle be ex- the delay of the third pulse is varied, the scattered intensity

V. EXCITON POPULATION RELAXATION
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reflects the dynamics of all exciton states that are involved irthe exciton delocalization length, are thought of as two inde-
the formation of the population gratifg*® pendent one-excitons. These excitons propagate in a diffu-
The result of Fig. 4 shows a maximum in the signal sive way along the chain, with a velocity that is probably to
when the third pulse overlaps in time with the excitationa large extent determined by the fluctuations of the molecular
pulses. This effect is partly due to coherent coupling of allenergy levels. A “collision” between two propagating one-
beams, similar to the coherent artefact of the pump—probexcitons may then occur with a probability proportional to
experiment discussed in Sec. IV. When the third pulse igthe one-exciton density squared. When this happens, two
well-separated in time from the excitation beams, a fast deene-excitons are converted into one two-exciton. The inverse
cay of the scattering signal of about 1.4 ps is observed. Thprocess is also taken into account, in which one two-exciton
interpretation seems to be clear; the population life time ofs converted into two one-excitons that are separated by more
the one-excitons is 2.8 fshe factor of 2 is due to the fact than the delocalization length. The rate constant for this
that the signal is proportional to the spatially modulated“dissociation” process iSy,ss, Which is also expected to be
population squaredHowever, the fact that the trace deviatesgoverned(in an as yet unknown wayby the energy fluctua-
significantly from being monoexponential indicates that thistions in the aggregate chain. All rate constants of &8) are
interpretation is not sufficient for a full description of the depicted in Fig. 2.
population decay process. Two limiting cases of Eqg.13) give analytical solutions
In Fig. 4(b) the result is shown of a fluorescence life that were used previously in the analysis of nonexponential
time experiment, in which one femtosecond pulse is used tdecay profiles of population relaxation in aggregates—4
excite the sample and the emitted photons are individuallyVhen it is assumed that the spatial diffusion of excitation is
timed at the detector. In this way the population dynamics olvery slow, the rate constanig,, and yss approach zero and
the excitons is studied as well, but now on a much longethe corresponding terms in Eq4.3) can be neglected. The
time scale. The measured response contains a long compselution of Eqs(13) for the excited state populationg, and
nent, which decays with &lose to monoexponentjatime  n,. of the one- and two-exciton bands then is
constant of 220 ps, and a short one that cannot be time-
resolved by our setup, but that could very well be the 2.8 p&i1e(t) =N1¢(0) XA~ ¥1e.qt)
derived from the grating scattering experiment. The long Yoo 1eN26(0)
component only makes up about 1% of the overall decay.
Both components are emitted in the spectral range of the

exp(— Y1egt)
Yoe—1eT Y2eg™ ‘}’1eﬂg{ le-g

aggregate transitions; monomer emission or pump-—pulse —exXf — (V2e—1eT Y2eg)t]}
straylight do not contribute to these signals.
To connect the results of the grating scattering experinze(t) =Nze(0) exd —(vze—1eT Y2e-g)t]- (14

ment_ . thfat of th? smgle-photon counting ex_penment, ‘_NeHence, if the population dynamics of both bands is measured
consider a simple kinetic model for the population dynamics

in th dt iton bands. The level struct ~simultaneously, biexponential behavior is observed, with the
n hebom(ej-_an \;VO'te)éﬂ on banas. g eve tsdrug u:(; Melative magnitude of both components determined by the
c€ach band IS neg ec_:e( € emission 1s dominated by e o, citation efficiency and emission cross section of both
strongest transition in each banand higher multiexciton bands. Intensity dependence of the decay is thus expected.

bir.]dhs.ar? ;othconsgierzd EI'[SEL. Elxter|13|ons of the mOd.l%hen more bands are included in the model, this result gen-
which include these bands and the level structure are easily . oo 1o multiexponential decays.

constructed. Here we concentrate on the essential features. Our results from the grating scattering experiment and
The simplified population kinetics can thus be expressed "i‘he single photon counting can thus be interpreted in the

terms of the following differential equations: following way: the excitation pulge) populate both the one-
dng and two-exciton bands. These relax according to Ef4)
qt o + ¥1egNiet Y2e gNze. with a totalldecay constarityse .1et+ ¥2e .g) 1=2.§ ps for
the two-exciton band, and a decay const(a,qgﬂg) 1=220
dnye , ps for the ope-exciton band. I—!owgver, the experimentally
o Y1e—gN1e™ YeolNTet (V26161 2 Vdisd N2e s observed ratlp of the two contnbunonisg% of the single
(13) phqton counting decay occurs in 2.8) p=an only be ex-
plained when the quantum yield for emission from the one-
dnye Yeoll exciton band is much lower than for emission from the two-
at +Tnle_(72eale+ Y2e—g T+ Vdisd N2e - exciton band. This seems not very likely.
Another limit, in which Egs(13) can be solved analyti-
Here, ng, nie, andn,, are the populations of the ground cally, is obtained when the lifetime of the two-exciton band
state and one- and two-exciton bands, respectively. The ratés assumed to be very short, and dominated by the relaxation
Yie—g Y2e—1er @Nd y,e_4 hold for the spontaneous relax- rate y,.,qe. At high excitation density, the population decay
ation processes of the exciton bands, in which photons aref the one-exciton band is then determined by collisional
emitted or energy is released as heat to the material. The rapmpulation of the two-exciton band, which subsequently rap-
veon describes a process in which the higher exciton band igly relaxes back to the one-exciton band. In this process one
populated from the lower one. In this picture, two excitationsof the two original colliding one-excitons is “annihilated.”
on the same aggregate chain, that are separated by more thEme differential equation for the one-exciton population of
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Eq. (13) then simplifies todn,o/dt=— y1¢ . gN1e— 3¥coiNTer o
a form that was extensively used in the interpretation of fluo- ¢
rescence decays of PIC aggregdfesin this limit £ ol
(72e—>1eﬁ°°), the solution of Eqs(13) for the e)_<C|ted state_ N exponential decay:
populationsn,;, andn,, of the one- and two-exciton bands is &
%) 1013 _\\\\ 220 s
Nye(t) = 271e—>gn1e(o) qu_Yle—»gt) % i \\\\\\ /
¢ 2Y1e g7 YeolN1e(0)[1— XD — Y1 .g1)] % 10 o
(15 =

n2e(t)’~20. %)Uj 10" :

In this model intensity dependent population relaxation is ' ' ' ' ‘
o] 250 B0O 750 1000 1250

expected as well, since the annihilation process depends on
the population density of one-excitons squared. TIME (ps)

Our results from the grating scattering experiment and
the single photon counting can now be interpreted in a dif- o ) ) o
ferent way; the opical pulgs cause muliple excitations on C1 . Pec eharacteise of one excions n e annhiator moce of
each aggregate. Due to the limited exciton delocalizationetect a signal from exciton densities low enough to make annihilation
length of about 15 monomers, these excitations can be comegligible (ny,<10** cm™3).
sidered as independent one-excitons. The two-exciton band
is also populatedtwo single-molecule excitations within the
delocalization length but relaxation from this band is ex-

tremely fast due, for instance, to coupling with highly ex- . L . .
y Ping gny éermlne this, it is necessary to perform additional population

cited single-molecule states or the conduction band of th elaxation experiments as a function of excitation densit
aggregates. Therefore, population in this band is negligiblé . %P . i Y,
and in particular as a function of detection frequency, to

and does not contribute to either the grating scattering Sig:§1ssess the relative contributions to the signals from the vari-
nals or the single-photon counting decggxcept perhaps g

around zero-delay, where it contributes to the observed addP4s exciton bands. Such experiments are planned. For the

tional peaks in Figs. @ and 4b)]. Since the one-excitons moment it can be stated that the annihilation picture de-
propagate in a diffusive manner, they may meet each c)th&cribes all population relaxation features well, with the ex-
with a probability equal to the p;opulation density squared.ception of the strong grating scattering and photon counting

Rapid depopulation then follows via excitation and decay of |gna}:i zrot\tljvnd niﬁl’O-d?ilayl. bASm Stv"j\‘;ﬁd r?bicr:\lla ﬁ?r?be rf:nt
the two-exciton band. At long times, when the concentratior’fOup g between he optical beams certainly o ute
o the grating scattering signal when all pulses overlap in

of one-excitons has become so low that the collision prob-

ability vanishes, Eq(15) predicts single-exponential decay; time, and resonance Rayleigh scattering may contn_bute 0
the fluorescence decay data at zero delay. However, it can at
nle(t)wexq_yleﬂgt)-

The solid curves in Figs. (@) and 4b) are calculated the moment not be excluded that incoherent population re-

with the annihilation model of Eq(15). To obtain the decay laxation from the higher exciton bands contributes to these

parameters from the fits, the initial excitation density must beSIgnals as well.

known. This can be calculated from the optical density of theV
sample and the beam parameters of the optical pulses, when'
it is assumed that for every absorbed photon a one-exciton The optical absorption spectrum of TDBC in watEig.
arises. This is most accurately done for the grating scatteringj) does not show a well-defined sequence of lines, corre-
experiment, because there the excitation is performed in fosponding to excitation of the variolsstates depicted in Fig.
cus. The relevant density of excitons was found to be2. Considerable line broadening is present due to coupling
n;.(0)=1.55x 10" excitations cm® pulse * for the experi- between the excitons and other degrees of freedom on the
ment of Fig. 4a). The decay constants are then derived to bechains and in the liquid. A well-known situation occurs when
(yle_,g)’l=220 ps for the spontaneous decay of the onethis coupling induces fluctuations of the exciton energy lev-
excitons, andy,,;=1.02x10"2 cm®s ! for the annihilation els on two distinct time scales, very fagtg., due to high-
process. This last number is about a factor of 2 smaller thafrequency exciton—phonon-type interactipasd very slow

the annihilation values reported for PIC aggregates by Gagdk.g., due to long range density fluctuatipriBhis gives rise

et al*® and Sundstmm et al*® With our parameters one can to homogeneous and inhomogeneous line shapes, respec-
calculate that the excitation intensity of the grating experi-tively. When these two type of system—environment interac-
ment should be a factor of 1@ess than the intensities used tions are independent of each other, the absorption line shape
here, in order to do experiments free from annihilation. Withof the aggregate is a convolution of the line shapes that result
our detection sensitivity this limit could not be reached.  from each individual process.

In Fig. 5 is shown how the decay of one-excitons occurs  As discussed in Sec. IV, the perturbations of the aggre-
at a certain density. When the physical size of the TDBCgate energy levels cause, next to optical dephasing, localiza-
aggregates is known, this curve could be used to calculation of the electronic excitations. The dynamic character of
the mobility of the one-excitons. Currently, this size is un-the coupling with the environment gives rise to time-

known. In fact, it is at the moment not clear whether the
annihilation limit of Egs.(13) truly holds for TDBC. To de-

EXCITON DEPHASING DYNAMICS
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dependence of the exciton delocalization length of each ag-
gregate. The delocalization length is therefore directly re-
lated to the optical dephasing of an ensemble of excitonic
systems. Simply stated, when the dynamic perturbations of
the molecular energy levels are small, the delocalization
length of the excitons is large, and the optical dephasing is
slow.

The delocalization of the excitation has important con-
sequences for the observed broadening of optical transitions,
since the exciton averages over many single-molecule fluc-
tuations. This is well-established for static distributions of
molecular energieginhomogeneous broadenipgwvhere it
was shown that the width of the absorption line shape of an PULSE DELAY TIME (fa)
aggregate is narrowed by the square root of the delocaliza-
tion length (N2 compared to the distribution in single-
molecule energie¥ This is known as exchange- or L
motional-narrowing. For very fast fluctuations no such
theory exists, but often it is assumed that the homogeneous
dephasing rate of excitonic transitions is simply identical to
those of the single molecul@shis means that the exchange
narrowing process is completely ignored for fast single-
molecule fluctuations, an assumption that lacks theoretical
backing at the moment.

Since exciton dynamics at room temperature is largely o o
determined by phase fluctuations, we decided to perform : =
photon echo experiments on TDBC aggregates in water. In —50 © 50 1606 150 200
these experiments a short optical pulse with wave vector
creates a coherent superposition of exciton states and the
ground state, that subsequently decays due to optical dephas-

in rocesses. A second short pulse with wave vektor FIG. 6 (@ Two-puls_e photon echo decay of_ TDBC in water for thrge pulse
9p P t0 energies; 0.05 n&olid line), 0.15 nJdashed ling and 0.25 nJdotted ling.

starts n_aphasmg in the sample when there is _m_emory of th?ne layout of the experiment is shown in the inset. The echo intensity
dephasing processes that occurred before. This is for instang@reases strongly with pulse energy, but the scales have been readjusted to
the case when the optical dephasing is caused by a static @yerlap the tail parts of the decay. Increasing saturation of the signals is

. P . . i . evident in the dashed and dotted traces, when the pulse energy becomes
slowly fluctuating distribution of exciton transition energies. higher than~0.08 nJ.(b) Two-pulse photon echo signal in the low pulse

Due to the rephasing, the initial superposition state is theRnergy, perturbative limitdotted ling. The experimental curve is compared
(partly) recovered, which can be observed as a burst of cote a theoretical onésolid line), based upon Eg21), in which stochastic

herent radiation, the photon echo, in the directidq-lzl. ﬂuctu_ations were assumed with correlatior_] times of 5 fs and 10 ps, and
When there are additional fluctuations in the sample, witiimPitudes of 10 THz and 54 THz, respectively.
memory times that are short on the time scale of the pulse
separation, the photon echo intensity will decrease when the
delay between the pulses is increa8®®. Thus, the echo other, with initial phase factors that are sometimes in-phase
signal can be used to separate fast and slow fluctuations @hd sometimes out of phase with each other. Although pho-
optical transitions, and characterize their time domain behavton echo formation under these circumstances has been
ior. treated in model calculations by Spatfoa quantitative
The layout of the photon echo experiment and results foanalysis of the high-intensity traces of Figabis very com-
three different pulse energies are shown in Fitp).6The plicated. In addition, it is possible that dynamic Stark shifts
intensities are rescaled so that the tails of the signals overlapf the energy levels also determine the relative phases of the
We find that the shapes of these tails are intensity indepervarious contribution§® which complicates a description
dent, but that the behavior near zero delay saturates when tlegen more. We will therefore leave a full account of these
pulse energy is increased. It is at the moment not clear whadffects for a future article.
causes this saturation phenomenon. In principle many optical When the intensity of the optical pulses is lowered, an
transitions of the aggregate contribute to the observed sigecho trace is obtained with a shape that does not depend on
nals. If we consider the ground state and #ve1 one- intensity anymore. Thus, the formation of the echo can be
exciton state as a two-level system, the pulse angle of eadheated in a perturbative way. The contributions from the
optical pulse is in the order d~/2.%° In this limit many  various transitions are then proportional to the fourth power
other transitions from the ground state to the one-excitorof the respective oscillator strengtlis uf), with interfer-
band, from the one-exciton band to the two-exciton bandence terms between them in which powers of each oscillator
and probably between higher exciton bands, contribute to thstrength are multiplied. Since the transition from the ground
echo signal as well. All these transitions beat against eachtate to thek=1 one-exciton state has by far the largest os-
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ago for the inhomogeneous widths of optical transitions in

lg> =gl 9> <d e= <del gas-phas® and low-temperature sofilimultilevel systems.
kg ke kg For liquids, where there is no propgtatig inhomogeneous
k, 1Des width, but rather frequency fluctuations on multiple time
e> scales, this correlation between fluctuations of optical transi-
k k
I1e> el K 2 ‘12 tions in multilevel systems is not as well established. How-
e > . . .
2 <1l © ever, when we assume that the correlation is there, we find
k, k that the echo amplitude is proportional to
2
k, k, k, Accndt, 7)
lg> <gl lg> <gi log> <gl
Mk ky k
(1) ) (mn ~\)2—
Mk,g
FIG. 7. Double-sided Feynman diagrams for photon echo generation in a .
three-level system, consisting of a ground stgjea one-exciton statde), Xexgi(wg k=1~ 0k= 1ﬁklk2:2,1)(t_ 7)] [ Rechd 1, 7).
and a two-exciton statfe). The first two diagrams hold for a two-level
system as well; the third one, which inherently is out of phase with the first (16)
two, is due to the presence of an additional level that can be reached frorp| . .
the first excited state. ere, pulse delay and timet are counted from the applica-

tion of the first pulse, an®..,{t,7) is a relaxation function
that depends on the dynamical model of the optical system.

. . . _ The first part of Eq(16) also holds for a two-level system,
cillator strength[Eq. (8)], it dominates the photon echo ex while the second part is due to the presence of the two-

periment in these circumstances. To a good approximation .
o o exciton band.
contributions from all other transitions from the ground state .
It is usually assumed that at room temperature popula-

to the one-exciton band can be ignored. However, this does o : .
. i tjon relaxation is much slower than optical dephasing, so that
not mean that the experiment can be treated in a two-leve - ; . ”
s contribution to the line shape of the optical transitg)n

approximation, since transitions from the one- to the two- . . S
. . can be ignored. However, in case of the multiexciton bands
exciton band have to be considered as well.

The two-exciton band, which can be reached with tWoof aggregates this cannot be taken for granted. In the annihi-

o . . O . . lation model of the previous section it was assumed that the
system—field interactions, in principle contributes in the per-.. . )

S lifetime of the two-exciton band is much shorter than any
turbative limit to the observed echo trace as well. The stron-

gest transition from thek=1 one-exciton state is to the other population relaxation time in the lowest two exciton
kok,=2,1 two-exciton statéEq. (10)], so the total third or- bands, which gives an upper limit on this lifetime of about

_1 . .
. : : < . -
der nonlinear response of the aggregates can be descrlbed(l e*.le) 2 ps. Now, if we assume that' population r.elgx.
- ation is much slower than optical dephasing, a lower limit is
terms of a three-level system, consisting of a ground staté

. _1 . . .
Ig), a one-exciton statile)=|k=1), and a two-exciton state Obtained as well{y,._,1.)~ >200 fs. Since these two limits

2)=|k,;=2, k,=1). In Fig. 7 is shown that there are three are compatible, we will ignore population relaxation for the

independent contributions to the echo amplitude in such énoment in the d|scus_3|on of optical deph.as.m-g.
Instead of assuming the presence of infinitely fasar-

three—level_ sys.tem. In total there are eight qf these di"’lgr"’lml?ovian) fluctuations, leading to exponential damping pro-
for scattering .|n the phase match_e(.j. d'reCtldq_ZK.l’ but cesses and Lorentzian line shapes, and infinitely s&iatio
only those which contain the possibility of rephasing of op-

tical coherence are represented here. A full account of thguctuatmns, leading to inhomogeneous damping processes

S ; : . . and line shapes, we will use a more general treatment, and let
echo formation, including the five correction terms without :
; ) . the aggregate energy levels fluctuate stochastically on two
rephasing, will be given elsewhete. o= . )
; N . — characteristic time scales. This means that the transition fre-
The important point is that there is a contribution, rep- .
guency of each aggregate varies randomly wi($)=wq

resented by the last diagram of Fig. 7, that is due to the+6w(t). The statistics of the time dependent pa(t), can

presence of the two-exciton band. This term gives a signatlD .
. . . . e evaluated for an ensemble of aggregates in terms of a
that radiates with the optical frequencies of the one- to two-

exciton transitions. Initially, at zero delay, it is out of hasecorrelation function that depends on the physics of the
' Y: Y, Phase . stem—heat bath interactiSh®® For Gaussian statistics of

) . . . %oth the fast and slow parts of the fluctuations, this can be
interference occurs between the various signal amplltﬁl?des.Written as

Since the first two terms radiate at the frequengy. -, and

the third one at the frequen@y_; 12— 1, Oscillations in (8a(t) 5(0)) = AZ, €XP(— Agiout)

the echo intensity occur with the difference frequenay, 2

which is given by Eq(11). +Afast XA = AL D). (17)
An expression for the echo signal is easily obtained fromHere, A is the root mean square amplitude andis the

the diagrams of Fig. 7, when it is assumed that the fluctuainverse correlation timét,)~* of the excursions of the tran-

tions on both optical transitions are correlated. In that cassition frequencies around the average valye

dephasing on one transition can be nullified by rephasing on  Using Eq.(17), all optical relaxation functions can be

another one. This correlation was demonstrated some timevaluated. For linear response, the resaft3&°%5¢
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Rinealt) =exd —g(t)] (18
while for the echo amplitude of Eq16) the relaxation func-
tion R(t,7) is?1:28:57:58 -
O
Recndt,7) =exd —29(t—7)—29(7) +g(t)]. (19 b
@
Here, the line shape functiay(t) is given by 8
m
9(t) = gsiow(t) + Grasd 1) <
2
|
= Azow[exq_/\slowt)"'f\slowt_l] :
slow 500 550 600 650
A7
7 (X~ Agas) + At~ 1]. (20 WAVELENGTH  {m)

fast

When the slow fluctuations approach the static limitF'C: 8 Absorption spectrum of TDBC in watésolid line), with two cal-

-1 . . ... culations based on lineshape function E2p), in which stochastic fluctua-
(tC_ASIOW_)w)' and the fast fluctuations the Markovian limit tions on time scales of 5 fs and 10 ps are assumed, with amplitudes of 10

(t.=Are—0), the line shape functions are simply THz and 54 THz, respectively. The level structure in the one-exciton band
gs|ow(t)=A2T2/2 and gfast(t):Azt/A- The relaxation function shows up as oscillations in the calculated absorption profile, for exciton
for linear response Ecq18) then is the product of a Gaussian delocalization lengths of 14 moleculétashed lineand 16 moleculegdot-
ial h . f ted line. In the experiment a distribution of delocalization lengths is

anc_i exponential decay, an_d the correspopdlng requency .d‘BFesent, which leads to a smooth asymmetric absorption profile.
main spectrum a convolution of a Gaussian and Lorentzian
line shape. Thus, conventional inhomogeneous and homoge-
neous broadening emerge as limits of the more general, non- ) )
Markovian treatment adopted here. namics of the TDBC-aggregates in water has to be described

In Fig. 6(b) the measured photon echo trace at low pulsen @ noh-l\/.larlfowlazr; way, just as was found for single mol-
energy is compared to a calculation of the signal. Since th@Cules in liquids™-** The absorption spectrus(w) can be
detector integrates the echo intensity over all timesd the ~ calculated by summing over the various transitions from the
optical pulses have a finite duration, the theoretical expresdround state to the one-exciton band, each broadened by the

sion for the signaBe.,d7) is optical dynamics

Sechd 7) =

fw[Aech((t,T)]zdt] & T(1), 21) A(w)ZEK wpy i F(0g_ k=), (22

whereT(7) is a measure of the time resolution,designates whereF(wy_— o) is the real part of the Fourier—Laplace

a convolution, andR.t, 7) is given by Eq.(16). The theo-  transform ofRjnea(t) of Eq. (18),

retical curve of Fig. @) was calculated with Eq21), using o

the line shape function Eq20) with parameters values Flog.k—w)=2 Re|f dt exdi(wg_k— w)t]

Agow=10 THz, Agt,=10 ps andA,=54 THz, Ag=5 fs. °

The contribution to the signal from the two-exciton bdttte

third diagram of Fig. Ywas found to give rise to a decrease X R”nea,(t)] : (23

of the slope of the echo trace compared to a two-level cal-

culation with the same parameters. This is due to the fact thalvhen we use the parameters of the echo trace of Fi).t6

the two-exciton contribution initially is out of phase with the calculate the absorption spectrum with Eg2), the experi-

other terms, causing destructive interference. When the delayental trace is simulated rather well. This is shown in Fig. 8,

time 7 is increased, the phase factor develops whereby thehere theoretical absorption spectra are depicted for two ag-

destructive interference becomes less efficient. gregates with exciton delocalization lengti=14 and
The echo signals can be fitted with the theory of EQqsN=16. The fluctuations of the delocalization lengths in the

(16)—(21) for a wide range of the four parameters. For in- sample give rise to the smooth asymmetric absorption profile

stance, the conventional homogeneous/inhomogeneoud the one-exciton band.

broadening picture gives a fit as good as the one shown in The photon echo decays of TDBC aggregates in water,

Fig. 6(b). However, other consequences of the dynamic beshown in Figs. 6 are longer than ever measured before in a

havior are not described well in this limit of the optical dy- room temperature liqui®~2® The reason for this slow opti-

namics. For instance the steady state absorption spectrum, éal dephasing is the motional averaging of the exciton over

which fluctuations on all time scales are expressed, is calcuhe energetic perturbations, caused by the rapid motions of

lated to be much broader than observed experimentally. Victhe molecules in the liquid. Unfortunately, we have no infor-

versa, when the absorption spectrum is fitted as a convolunation of the optical dephasing of TDBC monomers to

tion of homogeneous and inhomogeneous width, the photoavaluate the averaging process quantitatively. In fact, for wa-

echo trace that is calculated is longer than observed experier there are no reliable data known to us on the optical

mentally. We therefore have to conclude that the optical dydynamics of any single-molecule solution, possibly because
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the dynamics is too fast to measure. For the monomer molkexperiments either, not even when the pulse intensities were
ecules DODC® and HITCI?® whose molecular structure is lowered to the perturbative limit of system—field interaction.
similar to that of TDBC, we found in ethylene—glycol that No evidence was found in any of our data for states that
the parameters of the fast fluctuations are similar to those dre split-off from the main multiexciton bands, such as for
TDBC-aggregates in water. The amplitude of the slow fluc-example biexcitons from the two-exciton band. Such states
tuations is considerably less for the aggregates than for theould arise from specific physical interactions between ex-
single moleculegabout a factor of  The correlation times citons on the same chain. Whereas the presence of multiex-
of the slow fluctuations are similar, but this is not a sensitiveciton bands cannot be ignored in nonlinear optical experi-
parameter in the fitting of the echo traces, since the timenents with broad bandwidth pulses, the same holds for states
scale of the experiment is much shorter than this correlatioim which two or more excitons interact. Yet, for instance in
time. the frequency-resolved pump—probe data, no additional ex-
We can conclude from the comparison between thecited state resonances outside of the two-exciton band were
single-molecule data in ethylene—glycol and TDBC-observed. This substantiates our approach to the aggregate
aggregates in water, that motional averaging is effective fodynamics, in which interexcitonic interactions were com-
the slow components of the fluctuations. The time scale opletely ignored.
which the exciton averages over single-molecule properties The various aspects of the optical dynamics are all re-
is much faster than the single-molecule dynamics, so théated through the influence of the dynamic perturbations on
conventional theory of averaging over static properties holdsthe aggregates in the liquid. These perturbations determine
the amplituded,,, is much smaller for aggregates than for the optical dephasing of the electronic transitions of the ag-
single molecules, and the reduction may well be describedregates, influence the diffusion of the excitons along the
by the staticN/2 scaling law, mentioned at the beginning of chains and thereby the exciton—exciton annihilation process,
this section'? and determine the delocalization length of the excitons.
The situation for the fast part of the fluctuations is lessThese parameters, that were all studied experimentally, are
clear. The parameters;,; and A, that we find for TDBC-  therefore directly related. The results of the different experi-
aggregates in water, are similar to those of DODCI andnents were discussed in terms of a single model, based on
HITCI single-molecules in ethylene glycol. This would seemhomogeneous aggregates with nearest-neighbor coupling and
to indicate that motional averaging has no effect on thesphenomenological damping parameters. The conclusions on
fluctuations. On the other hand, it can be expected that théhe delocalization length, population relaxation pathways,
fluctuations are faster and have larger amplitudes in wateand optical dephasing of TDBC-aggregates in water are to
than in ethylene glycol. Then the similarity of the parameterssome extent general, and do not depend on the specific
is accidental, and motional averagidgesaffect the fast part model. The parameter values may be affected, though, when
of the fluctuations. The efficiency of motional averaging onmore detailed microscopic descriptions will be used.
fast fluctuations is determined by time scales. When the The effect of motional narrowing on fast and slow fluc-
single-molecule fluctuations are infinitely fagompared to tuations was discussed. The narrowing of the exciton absorp-
the exciton averaging motigneach fluctuation event is an tion spectrum compared to the monomer spectrum was
independent process. In this limit no motional averaging carshown to be mainly due to a reduction of the slow fluctua-
be expected. When the single-molecule fluctuations occutions (inhomogeneous broadening-or these slow fluctua-
over a certain time-span, characterized by a finite correlatiotions the conventional theory of static disorder may well ap-
time A2, motional averaging can take place, with an effi- ply, while for fast fluctuations the situation is still very
ciency determined by the time scale of the coherent excitowomplex. The interpretation of the experimental results will
motion. A microscopic theory for this general case has noeventually have to be performed in a microscopic descrip-

yet been formulated. tion, that directly links the dynamic behavior of the single
molecules to that of the excitons. New experimental data on
VII. CONCLUSIONS the complex electronic structure and dynamics of aggregates

The population decay and optical dephasing of roomWiII be of utmost importance to construct a reliable theory in

temperature molecular aggregates were studied by pumptDIS respect.
probe experiments, grating scattering, fluorescence life time
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