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Excitation Energy Transfer between Closely Spaced Multichromophoric Systems: Effects of
Band Mixing and Intraband Relaxation™

C. Didraga, V. A. Malyshev} and J. Knoester*

Institute for Theoretical Physics and Materials Science Centrepéfsity of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

Receied: Nawember 29, 2005; In Final Form: April 5, 2006

We theoretically analyze the excitation energy transfer between two closely spaced linear molecular
J-aggregates, whose excited states are Frenkel excitons. The aggregate with the higher (lower) exciton band
edge energy is considered as the donor (acceptor). The celebrated theorstef Fesonance energy transfer
(FRET), which relates the transfer rate to the overlap integral of optical spectra, fails in this situation. We
point out that, in addition to the well-known fact that the point-dipole approximation breaks down (enabling
energy transfer between optically forbidden states), also the perturbative treatment of the electronic interactions
between donor and acceptor system, which underlies tredf@pproach, in general loses its validity due to
overlap of the exciton bands. We therefore propose a nonperturbative method, in which donor and acceptor
bands are mixed and the energy transfer is described in terms of a phonon-assisted energy relaxation process
between the two new (renormalized) bands. The validity of the conventional perturbative approach is
investigated by comparing to the nonperturbative one; in general, this validity improves for lower temperature
and larger distances (weaker interactions) between the aggregates. We also demonstrate that the interference
between intraband relaxation and energy transfer renders the proper definition of the transfer rate and its
evaluation from experiment a complicated issue that involves the initial excitation condition. Our results
suggest that the best way of determining this transfer rate betweerd-bggregates is to measure the
fluorescence kinetics of the acceptbband after resonant excitation of the dodevand.

I. Introduction break down has been emphasized, namely energy transfer
between two systems that both contain many interacting
chromophores. This problem has drawn particular attention in
the context of excitation energy transfer from the B800 to the

The theory of Fester resonance energy transfer (FRET)
between two chromophores (molecules, ions) with dipole-

allowed optical transitions,and its generalization by Dexter B850 ring of the photosynthetic antenna system [&i24 The

to forbidden optical transitions and exchange interactions first licati hen deali ith : f st |
between the chromophores, already have a history of more than ' o' compiication when dealing with systems ot strongly

50 years. This celebrated theory gives an excellent description'nteraCting chromophores is that their excited states are excitons,
of fransfer rates for distant chromophores with rather broad consisting of a coherent superposition of the excited states of

spectral line$:5 It describes these rates in terms of the overlap Many molecules. Because of their spatial extent, which may
integral of experimentally measured optical absorption and €aSily exceed the separation between the two systems, the
luminescence spectra, which makes it of great utility. With minor effective interaction between an exciton state on the donor
reformulations, the concept of FRET may also be applied System and one on the acceptor system cannot be modeled as
successfully to the description of nonradiative transitions in ions the interaction between the transition dipoles of both states. As
and molecules in condensed pha&ess well as to energy @ result, excitation energy transfer may occur from or toward a
transfer in the presence of a nonstationary bath relaxation. dipole-forbidden (optically dark) exciton state, implying that a
Finally, it has been shown that théBter theory also explains ~ description of the energy transfer in terms of overlap integrals
the efficient long-range energy transfer in assemblies of closely of optical spectra no longer holds. This breakdown of the point-
packed CdSe quantum d&t&¥ and CdSe nanocrystals as- dipole approximation was first pointed out by Sumi and co-
sembled with molecular wiréd, systems of possible use for  workers!819Treating the electronic coupling between both rings
guantum computatio#%13 in LH2 as a perturbation, they derived a transfer rate between

Despite its great success, it has been recognized since théhe rings that strongly differed in magnitude from thérster
1980s that, in certain situations, standard FRET theory is not result and that was in good agreement with experirfetft.
applicable. In particular, this holds for chromophores with |t should be noted that LH2 is a rather special case of transfer
narrow spectral lines and a small spectral overlap, such as rarepetween two aggregates. The reason is that the molecules in
earth ions embedded in a crystalline or glassy bst.More  the B80O ring are weakly coupled to each other. Thus, the B800
recently, another important situation in which FRET theory may  excitations are almost monomeffcand they occur in a narrow
- P — - - band just above the upper edge of the B850 band and far (965

Part of the s “ . — i i

* Correspondinpgef(;illfélhIosflIJEEEmIZi(IJ:bj(?ILtngestlékr)%gln::ge.?1}.5:221';:ft 31-50-3634947. cm 1) away from the optically dc.)mlnam. bottom of that béﬁa@_

+0On leave from S. I. Vavilov State Optical Institute, Birzhevaya Liniya Moreover, the intermolecular interactions between both rings
12, 199034 Saint-Petersburg, Russia. are weak, on the order of 20 ch?® Given these special
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circumstances, it is not surprising that the perturbative treatmentin both the perturbative and the nonperturbative approach are
of the interaggregate (inter-ring) interactions gives good results. presented in Section V and are used to study the validity of the
In many cases of C|ose|y Separated aggregatesy however, éormer as well as the best way to extract the transfer rate from
perturbative treatment of the interaction that causes energy€xperiment. Both the temperature and distance dependence of
transfer between them will not be valid. An interesting example the transfer dynamics are addressed and distinction is made
is the case of nanotubular Carbocyanﬂo@gregates that have between resonant and off-resonant initial excitation of the donor.
recenﬂy been deve|oped bymm and co-worke#& 31 and A Comparison to standard FRET theory is made as well. FinaIIy,
which have been suggested as building blocks for synthetic light- in Section VI, we summarize.
harvesting systems. These aggregates consist of two walls, which
are only a few nanometers apart. Each wall is responsible for !l Model and General Strategy
the formation of an exciton band; even though their optically ~ A. Model. We consider two parallel linear chains, each
dominant lower edges are separated by a few hundred,cm consisting ofN equidistant two-level chromophores, with their
the two bands overlap over a large energy rang@000 transition dipoles aligned to the chains (see Figure 1). The lattice
cm-1).32 By using fluorescence and pumprobe experiments,  spacing within each chain is denotégd while the distance
fast excitation energy transfer between both walls has beenpetween the chains i One of the chains will be referred to
observed? The strong overlap of the exciton bands makes it as the donor (D), the other as the acceptor (A) (see below). We
doubtful that a perturbative treatment of the interwall interactions will assume that both chains are homogeneous, and we will
holds for this example: (dark) states inside both bands may beimpose periodic boundary conditions in the chain direction (the
close to degenerate, thus falling outside the perturbative regime.formalism may easily be extended to account for disorder and
This observation also holds for the example of energy transfer open boundary conditions). The chromophores building up the
between two linear pseudoisocyanine aggregates studied byD chain are different from those of the A chain; in particular,
Kobayashi and co-worke Like Sumi and co-workers, these  we will assume that the transition energies and dipoles of the
authors focused on a breakdown of the dipole approximation; individual chromophores within the D chain all have the values
they did not consider the limitations of a perturbative treatment. ¢ and up, respectively, while in the A chain, they take the
The aim of this paper is to study theoretically the energy valuesea and ua. We will account for the dipoledipole
transfer between two moleculdraggregates carrying Frenkel interactions between all chromophores in both chains and also
excitons. We will be inspired by the example of the double- include in the model a coupling of the electronic excitations to
wall cyanine tubes, where the bottoms of both exciton bands a bath of vibrations. The latter coupling is derived from the
occur at different energies, but their central parts overlap. To first-order change of the chromophores’ transition energies
keep the problem computationally tractable, we will consider caused by nuclear displacements in the environment. In the site
two interacting linead-aggregates with different bandwidths, representation, the resulting Hamiltonian of system and bath
leading to a crossing of both bands in their center. The chain reads
with the higher (lower) band bottom is considered the donor
(acceptor). By using this generic model, we will investigate the H=Hp + Ha + Hpa + Hyan t Hp—pant Ha—pann (1)
breakdown of the perturbative approach by comparing to an
exact treatment in which both aggregates form one exciton
system and the energy transfer is associated with phonon-

N N
assisted relaxation within this system. We thus find that the Hp = EDZ In, DI, D| + Z P |n, DM, D (2a)
’ ’ nmi*' " "
PSS
N

with

crossover between the weak coupling (perturbative) and strong

nm=1
coupling (nonperturbative) situations is determined by the \
separation between both aggregates as well as by the temper- A
ature. Hy =€ Z In, A, A| + ZlJnmm, Alln, A|
. . . . n= n,m=
Another important issue that we address is that fast intraband (2b)
relaxation (thermalization) between visible and dark exciton N
states may obscure the observaﬂpn of th_e actual energy t_ra}r?sfer Hop = z Jmm, DI, A| + h.c. (2¢)
process and thereby plays a crucial role in the proper definition nee1

of the transfer rate as extracted from experiment. As a

consequence, also the initial excitation conditions strongly affect Hpath = z wqaéaq (2d)
the possibility to measure the transfer rate. This key role of q

intraband relaxation in the process of energy transfer between

N

excitonic systems seems to have gone unnoticed thus far. Ho—bath = Z Z ngm' DI, D| a, + h.c. (2e)
The outline of this paper is as follows. In Section Il, we first n=1"q

present our model of two homogeneous lindaaggregates, N

interacting with each other as well as with a vibrational bath. = Z z Vﬁqln, AR, A| 8, + h.c. (2f)

We then introduce the general issue of perturbative versus &5

nonperturbative treatment of interchain interactions by consider-

ing the various dynamic processes that can occur in and between Here,Hp andHa denote the electronic (exciton) Hamiltonians

weakly coupled or strongly mixed exciton bands. The pertur- for the isolated donor and acceptor chains, respectively, while

bative approach is worked out in more detail in Section 1ll, Hpa is the electronic interaction between both chains, composed

where we derive the general expression for the one-phononof all dipole—dipole interactions between molecules of one chain

assisted transfer rate between any two exciton states located oand the other. In these termis, DO(|n, A[) denotes the state

different chains. In Section IV, we develop the approach for in which thenth (n = 1, ..., N) chromophore of the donor

the case of strong interchain coupling (nonperturbative case).(acceptor) chain is excited and all the other chromophores are

Results of numerical simulations of the fluorescence kinetics in the ground state. Furthermore, the hopping integﬂﬁ,ﬁ
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Jp Figure 2a shows the donor and the acceptor balE@lsand
— = = — Eﬁ, respectively, for chains dfl = 150 molecules, witkp =
ea (we take this as zero of energy) add= 1.14Jp. Only half
Jpa < h d of the Brillouin zone is plotted, as the dispersion relation is
; symmetric aroun#t = N/2. We see two exciton bands that cross
* o o .o . . - .
= GS/CT) = at their center. The bottom of each band occuis=at0, which
T is the superradiant state that contains all oscillator strength to
1 n n+l N the ground state; all other exciton states are optically forbidden.

Figure 1. The two linearJ-aggregates (D and A) considered in this Thus, as long as the interactions l?etwe_en the chains are weak,
paper. Both chains conta chromophores, labeled which interact the fluorescence spectrum consists if twebands, whose

with each other through t_heir t_ransition dipoles (ir]dicated by arrows). positions are indicated by the dots on tke= 0 axis. By

The scale of the interactions is set by the quantifigsJa, and Jpa, definition, we choose our labeling such t|’EfLo > Eﬁ:o- The

which give the interactions between the various pairs of nearest . . .
neighbors. The lattice spacing within each chain is denbteshile energy separation between both peaks will be denatadd is

the interchain distance is given hy (for N> 1) given byA = ep — ea + 28(3)(Ja — Jp), with ()
N oA _ _ _ _ _ _ the Riemann zeta function.
Jom @ndJy, are the various dipotedipole interaction matrix The two chains are coupled electronically by the interaction
elements between chromophor_es of the same or dlfferentHDA (eq 2c), which on the basis of Bloch states is diagonal,
chains. For the geometry considered here, we hi#fje= i.e., Hoa = S JPAlk, DIK, A| + h.c., with
~Jo/in — mB, A = —Ju/in — m3, P =3 =0, and ’ K ’
PA = Jpall — 2(n — M1 + (n — m)h¥d?]52, N2 2
! 1-2(nhd
with Jp = 2u3/h3, Ja = 2uz/h®, andJpa = upuald®. PAog o), (nhvd) o 2 ©
Hpaih describes the vibrational modes of the host, labejed &1+ (nhd )2]5/2 N

and with the energy spectruay, (we seth = 1). The operator

a annihilates a vibrational quantum in mogeFinally, Hp—path
andHa—path represent the operators of the excitdrath coupling

of the donor and acceptor, respectively, where the quantities . U . DA _ _
V5, and V4, indicate their strength. We do not provide explicit unph/)(/jsslqalé casedorﬂ <<f? itis easily seen thal, = Joa =
expressions for these quantities; rather we will consider them Hpual, Independent ok.

on a phenomenological basis. Specifically, realizing that, in most ~ As long as the interactiond, are weak (large separation
experimental studies of aggregates, the host is strongly disor-d), it seems reasonable to apply the usual perturbative approach
dered, we will treat these strengths as stochastic variables withto them by using the bands of the isolated donor and acceptor

In general, this expression must be evaluated numerically (see
Figure 2c for an example). Only in the limiting (and rather

correlation properties: chains as starting point. We will follow this route in Section
N N lll, where we also will treat the exciteaphonon interactions
WﬁqD= Vo= Wﬁq Vingd = 0 (3a) perturbatively. In this approach, the rate of energy transfer
between an arbitrary donor state and acceptor state is calculated
2

Wi Vind = Ol V| (3b) using second-order perturbation theory, involving two steps: (i)

A\ A A2 The excitation is transferred from the donor to the acceptor;

Wig Vind= 6nm|Vq | (3¢) (i) A phonon-induced scattering occurs within the acceptor band

(scattering within the donor followed by transfer to the acceptor
mophores are not correlated is possible as well). The overall process should conserve the
B. Strategy. We now turn to a general discussion of a total energy. Both steps are schematically indicated in Figure
perturbative versus nonperturbative approach to describe the?b: in which we zoomed in on the sméllpart of the bands
excitation energy transfer between both chains. Throughout this9iven in Figure 2a. Because in our example the interchain

paper, we will assume that the excitgphonon coupling is weak ~ interaction is diagonal irk, the transfer step is a vertical
compared to the intrachain dipetelipole interactions, in the  transition between both bands. We notice that, aside from energy

sense that the coherence length of the excitons within each chairiransfer between both chains, the interactions with the phonon
is not limited by the coupling to the bath. In that case, the Bloch bath also give rise to relaxation of the exciton states within both
eigenstates oflp and Hy are a good starting point for our  bands; details of this process are studied in ref 36.
considerations, and the main role of the bath is to make up for  |f we focus on the optically dominant bottom states of both
energy differences in possible intraband energy relaxation. Thepands, it seems that the perturbative treatment of the interchain
Bloch states read (%= D, A) interactions is valid as long agl,, o < A. Generally

N 1 N omikn speaking, this criterion |s not sn_Jffi(_:ient, hov_vgver. Depending

|k, X(= Zq))k(”'n’ X[= — ex;{ ]‘n XD (4) on temperature and initial excitation condition, the transfer

& N process may involve the optically forbidden states higher in the

exciton bands. As near the band center the donor and acceptor

These relations imply that the surroundings of different chro-

n=

with energy states get arbitrarily close in energy, a perturbative approach
necessarily fails there. For this situation, one has to resort to a
N | 27ikn nonperturbative treatment in which both bands are mixed. As

B = ex — 2Kk nZ‘E, co N ®) long as|J,—ol < A, the amount of mixing will be weak for

the superradiant band bottoms, but strong near the center.

Here k is the wavenumber of the state, which can take the values For our case of translational symmetry, the mixed eigenstates
0,1,..,N—1 of Hp + Ha + Hpa read (see, e.g., ref 37)
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Figure 2. (a) Exciton bands for donor (solid) and acceptor (dashed) chaiNso50 molecules in the absence of interchain coupling for the case

Jan = 1.14)p and settingea = ¢p = 0. Note that we have only plotted half of the Brillouin zone, as it is symmetric with respécttd/2. The

dots atk = O indicate the positions of the absorption peaks of donor and acceptor band, respectively. (b) Enlarged view of kgestrwilpanel

(a), with schematic indication of the two-step perturbative view of the interchain energy transfer described in the text. (c) Exciton bands for the
same system as in panel (a), but now after accounting for the mixing between the eigenstates of both chains due to the interchain interaction with
strengthdpa = 0.535)p (corresponding to an interchain separatib# h.) Thek-dependence of the interchain coupllﬂﬁj is depicted as well. (d)

Enlarged view of the smak-part of the panel (c), with schematic indication of the various phonon-assisted intraband and interband relaxation
processes that together are responsible for the exciton dynamics within the nonperturbative picture.

1 1 172 To end this section, we stress that the special conditions
|k'iD=72 (:H:m) K, DDi (1:F imposed in our model, such as chains of equal length and
K 1 periodicity, periodic boundary conditions, and the absence of

= )ll2 K, Aq] (7a) disorder in the electronic part of the Hamiltonian, may be relaxed
J1+ 7, without affecting the above formalism and the distinction
between the perturbative and nonperturbative approach. In fact,
with energies in all expressions presented in Sections IIl and 1V, we will use
a general notation for the exciton wave functiop§, ¢f, and
1 1 ¢wn, SO that these expressions keep their validity under general-
Eq = > (B¢ +EQ) + > (B —E) y1+mn (7b) ized conditions, as long as the proper exciton eigenfunctions
of the generalizedHp, Ha, andHp + Ha + Hpa are used as
Here, + labels the new (decoupled) exciton bands apd= input. In that casek and v refer to the appropriate quantum
4|JkaA gl(EE _ E@)Z is the quantity that characterizes the numt_)ers, which do not necessarily have the meaning of
amount of mixing at wavenumbé&r The new bands are plotted quasimomenta.
in Figure 2c for the same parameters as in Figure 2a, accounting
for an interchain interaction of strengiba = 0.535)p (which
corresponds to a small interchain separatiordof h). The In this section, we follow the perturbative approach outlined
coupling J2* is depicted as well. As we see, at the band in Section II.B. In this approach, the Hamiltonian of the
bottoms, the coupling is very small comparedttand the states ~ unperturbed system reatliy = Hp + Ha + Hpan While H' =
are hardly mixedsfx—o = 0.2). Hence, we may still refer to the  Hpa + Hp—baih+ Ha-namrepresents the perturbation that induces
fluorescence coming from the bottom of the upper (lower) band transitions between the eigenstatesigfOn the basis of exciton
as the donor (acceptor) fluorescence. At the center of the bandsgigenstates of the noninteracting chains (eq 4), the interchain
the mixing is very strong and a band anticrossing occurs. Also coupling and the excitonbath interactions take the form
after mixing, the only states with oscillator strength occur at
the band bottoms.

After accounting for the band mixing, the only remaining
dynamics that can take place is phonon-assisted scattering of
the new exciton states, leading to intraband and interband,, ;.. pA _ DA_D _Ax
relaxation of the excitation energy (see processes indicated inWIth Jae = 20 Jom i Fiem ANC
Figure 2d). In Section IV, this approach will be further specified,

N
using the Fermi golden rule to account for the excitphonon Hypath= Z Z Vigglk XK, X| a, +hc.  (8b)
interaction. kk=1 G

IIl. Perturbative Approach

N
Hpa = Z Jor|k, DK, A| + h.c. (8a)
kkK=1
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with Vi = Yn Vi @i @k @and X= D, A. allowed or forbidden: neither the probability overlag, nor
We aim to consider the energy transfer between any donorthe transfer interactionsJkD,? vanish for generak and K.

statelk, DCand any acceptor stafe, ALl Because the transfer  Equation 10 reduces to Rier’s formula only if the distancg

operatorH’ does not produce such transitions within first-order between the chains is larger than their lengkls Indeed, in

perturbation theory, we have to resort to the second-order term.that case, the interchain interactions are well-approximated by

The corresponding expression for the transfer rate reads I8 = (upuald® 3N, op* SN, @p,, where the sums cor-

, . respond to the dimensionless transition dipole moments of the

. (B H' | SIS H' i ZD states|k, DOJand |K', Al For our ordered chains, these dipole

Weea o = 27 Z z P(E) Z E—_E moments are giant fok = k' = 0, while they vanish for all

' ° b other states. Thus, the terd’,,_, is dominant. The energy

x o(E— ) (9) transfer between the chains fnay then be viewed astéo

type due to the overlap of the donor’s sideband fluorescence
Here, [iC= |k, DO{ng}:Jand [f0= |K, AT ng}(Care the initial " b

d final el h d h ” and the zero-phonon acceptor absorption and vice versa.
and final states, respectively, whefeq} denotes the set o The importance of the forbidden exciton states in the energy

. . . D
occupation numbers of the vibrational modes= B + < transfer between excitonic systems was mentioned for the first
andE; = E, + Qr are the corresponding energies, withand  time by Sumi and co-worket&'°and later on received attention
Qf denoting the energies of the bath in the initial and final states, from several authorR-2434\We note that, in refs 18 and 19,
respectively. Furthermore, labels the intermediate states) the problem was treated in a more general way than we did

with energiess and the quantity(E) is the equilibrium density  apove: only the transfer interactiod®” were considered as
matrix of the bath’s initial state. Finally, the angular brackets perturbations, while the exciterbath couplings were accounted
indicate t.hat we average over the stochastic realizations of theg, by a self-consistent second-order evaluation of the self-
surroundings of donor and acceptor chromophores. energy. We do not use such a self-consistent treatment of the
By evaluating the expressions in eq 9 and accounting for the gyciton-bath interaction in this paper, as it turns out that it is
stochastic properties of the excitobath couplings (eqs 3), we  jmpossible to combine it with the nonperturbative treatment of

obtain the transfer interactions, which we will investigate in the next
W _ section.
KAKD The expression fok\ia o Obtained above allows one to
B@. 2 |JEQ|2 calculate the energy transfer rate between any pair of donor
NED — ER|) Z O+ Z Koe———— and acceptor states. From the occurrence of the energy
(Ef — Ep)? (EY — ER)? denominators in eq 10, however, it is clear that the perturbative

approach of the interchain interactions is restricted to situations
where the donor and acceptor bands do not cross. A band
crossing or (for disordered systems) a band overlap will lead to
small denominators, breaking the result of perturbation theory

where(w) is the vibration spectral density of the bath, which and giving rise to rates that are large compared to the energy

we assume to be identical for the donor and acceptor. Itis givensSPacing of the states involved. This motivates the nonpertur-
by bative approach presented in the next section.

{1 +RE-E), 2> 10)

nE; —E).  E <E

Nw) =27 z |V§|26(w _ wq) (11) IV. Nonperturbative Approach
q In this section, we work out in more detail the nonperturbative
L . approach outlined in Section 11.B, in which the interchain
where X = D, A. The quantity (%, denotes the probability  jnteractions are accounted for exactly through mixing of the
overlap of the donor statek, Dliand|K', Dlfor X = D and of exciton bands of the isolated chains. We will label thertixed

the acceptor statgk, Alland K, Allfor X = A: eigenstates dffex = Hp + Ha + Hpa with a Greek index =
N 1, ..., N; they take the form
O =Y 19l l#icol’ (12) o
= V=Y ¢yqin] (13)
Finally, R(wg) = [exp(wd/T) — 1]71 is the mean occupation =
n_uTber of the vibrational modg (the Boltzmann constariks where|nd= |n, DOfor n = 1, ...,N and |n0= |n — N, ACfor
=1 n=N+ 1, ..., N. The corresponding energy is denoted

The transfer rate, eq 10, reflects the two-step processes
introduced in Section 11.B. The first term corresponds to the
process in which the initial exciton of wavenumbeon the
donor chain is scattered into the exciton stéteon the donor
under the creation or annihilation of a phongnfollowed by
the transfer of the excitok’ to an excitonk’ on the acceptor
chain. Likewise, the second term in eq 10 derives from the
process, in which the donor’s initial exciténs first transferred

For the special highly symmetric model considered in this paper,
the explicit forms of the eigenstates and energies have been
given in Section 11.B already, where theindex should be
identified with the k+ labeling. In the current section, the
notation is kept general.

In the new representation, the excitelmath coupling, which
is the perturbation that causes the exciton dynamics, reads

to the acceptor chairk’, followed by a phonon-induced N
scattering to the final acceptor stde Ho w4+ H, .= VvV, ulb|a, + he. (14)
Equation 10 clearly indicates that, in general, the energy pbam Amban /z,vz:l; e %

transfer may occur between any pair of donor and acceptor
states, independently of whether those states are opticallywith V,,q = Zﬁﬂl and),’jnd)vn, where, as before, the coupling
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strengthVyg is considered a stochastic function of the site index D(w) = W2 exp(—ﬂ) (19)
n with properties similar to those given by eqs B/J= 0 o, w,
and IN/mq\/*an]= Omnl Vgl?.

As discussed in Section 11.B, the dynamics of the excitons which represents a model function with Ohmic (i.e., linear)
in the new representation is caused by their scattering onbehavio?® for frequencies up to a cutoff frequenay.. The
phonons. To describe this process, we will use a Pauli masteroverall prefactorW, is a measure of the exciton scattering

equation for the populatiorB,(t) of the exciton states: amplitude imposed by the phonons. A spectral density similar
) to eq 19, withw. on the order of 100 cnt, has been used
P,=—-y,P,+ z (W,,P, —W,,P,) (15) successfully to fit the optical dynamics in photosynthetic antenna
T complexes? 42 Also, eq 19 without a cutoff has been used to

) o explain the optical dynamics of aggregates of the dy&elds3
Here,y, = yoF, is the radiative decay rate of the statglwhere  (sulfopropyl)-5,5-dichloro-9-ethyithiacarbo-cyanine (THIATS)
Yo is this rate for a single chromophore (fghf simplicity, taken measured between 0 and 108%n the remainder of this paper,
identical for donor and acceptor) afid = |35, ¢.n|* denotes  we will usew. = 0.2Jp, which is reasonable fal-aggregates,
the dimensionless oscillator strength of the exciton. Furthermore,where J, typically lies in the range 5061000 cntt. Wy and
the scattering rate#/,, are obtained by using Fermi’s golden  J, will be kept arbitrary, wher&\p 1 will serve as unit of time
rule, taking into account the stochastic properties of the exeiton  andJp as unit of temperature. For example, Sgr= 800 cnt?,

bath coupling strengtNq.. They are given b the choiceT/Jp = 0.25 agrees with room temperature.
. The above specifies all input necessary to determine the
sz = @(|Eu - EJ)QW transfer rateWiawo (eq 10) between arbitrary states in the
14+nE, —E) E, >E, pertL_erative approach, as well as the relaxation réfgs(eq
w{ v . (16) 16) in the nonperturbative treatment. In the latter case, the
n(Eﬂ —E), E,~E, transfer from the donor to the acceptor involves the relaxation
rate Wie— e+

where Y(w) is the spectral density of the bath, given by eq 11 A Nonperturbative-to-Perturbative Crossover. To assess
with V; replaced byVq. Furthermore,d,, is the probability  the validity of the perturbative approach, we calculate the total
overlap of stateg andv, transfer rate from donor to acceptor chain within both ap-
proaches, assuming that the initial exciton populations of the
5 2 donor manifold are in thermal equilibrium, i.e., we assume that
(Q/w - |unl 1yl (17) the intraband relaxation is fast compared to the energy transfer
= process. For the nonperturbative approach, this means that we
use as an initial conditio(t = 0) = Z; 71 exp(—Ex+/T),
whereZ; = Y exp(—Ex+/T), while the acceptor band is not
populated Py—(t = 0) = 0. Then, the effective quantity

2N

The explicit expression for’,, in the case of homogeneous
chains of equal length is given in the Appendix.

To end this section, we note that, in general, the best way to
probe the excitation energy transfer is to follow the fluorescence E
kinetics of donor and acceptor. Even if we allow for inhomo- W = i ex _ﬁ W, (20)
geneity, two coupled aggregates with a clear separation between - z, g K=kt
their individual J-bands will lead to a mixed system that still

has twal-bands, possibly renormalized in magnitude and shifted may be associated with the energy transfer rate from the donor
somewhat (see Figure 2 for the special case of ordered chains)tg the acceptor band at the initial stage of the transfer when the

In terms of the energies of the mixed eigenstates and the solutiomyack transfer is negligible. In the perturbative treatment, the
to the Pauli master equation, the time-dependent fluorescenceanalogue of this effective transfer rate is given by

spectrum reads
1 Ex
k
I(E, ) =) »,P,1)0(E - E)D (18) W = z ex;{—?)WK,A’kD (21)
v D Kk

where the brackets denote the average over disorder, if present, ., 7
One may then define the total donor (acceptor) fluorescence asy,q |imit
the integral over the highest (lowest) peak in the spectrum. These,
two quantities will be analyzed in Section V as a function of
time following some initial excitation of the donor chain.

= Sk exp(—EQ/T). By construction W-4 — Wap in
of large interchain distance, i.e., small interchain
interactions fx < 1).

Figure 3 shows the results of our calculations\ér,. (thick
lines) andWjap (thin lines) as a function of the interchain
distance d. From this figure, it is clearly seen that the
perturbative approach strongly overestimates the energy transfer

We now apply the formalism developed in the previous rate for smalld, as expected. It is also seen that in the limit of
sections to study the energy transfer rates and fluorescencdarge d, both treatments indeed are in perfect agreement.
kinetics for the model introduced in Section I, namely two However, the value afl below which the perturbative approach
parallel homogeneous chainsicthromophores with periodic  fails, increases for growing temperature. This finds its natural

V. Results and Discussion

boundary conditions. In all examples, we will chod$e= 150, explanation in the band mixing. Let us first consider the situation
€a = ep, andJa = 1.14Jp, which implies thajia = 1.07up; the atT = 0. Then, only relaxation from the donor band edge state
value of Jpa depends on the interchain distargiewhich we |0 +to states in the acceptor band below the donor band edge
will vary. Given the above parameters, we halga = (ua/ contribute toW-;. For our choice of parameters, even at
up)(n/d)3Jp/2 = 0.535(/d)3Jp. distances as small ab= h, these states in the vicinity of the

For the spectral density of the bath, we choose band edges are only weakly couplegi- is rather small, see
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i ' T ' T ' T ' does not reduce to the interaction between the excitons’
= b T/Jp=0 (—,—) ] transition dipoles.
% B. Fluorescence Kinetics.In the above, we characterized
~ 01 the excitation energy transfer by a single rate, which is possible
[ - . S R
= if we assume fast equilibration inside the donor and the acceptor
ool band and neglect the back transfer from the acceptor to the
g donor. In general, one cannot rely on these assumptions. As
Z we mentioned in Section 11.B (also see Section 1V), the most
< 0.001 straightforward way to characterize the energy transfer between
+ donor and acceptor in experiment is to follow the fluorescence
0.0001 , . , . , . , kinetics of both subsystems. In this section, we will use this
1 15 2 2.5 3 3.5 4 45 approach. In all cases, the calculations were done using the
dlstance, d (h) nonperturbative method, i.e., accounting for band mixing and

Figure 3. Donor to acceptor energy transfer rate in the nonperturbative fOF relaxation within and between the mixed bands. We will

approach (thick lines) and the perturbative approach (thin lines) as a ot assume a priori that equilibration takes place on a time scale
function of the interchain distanakfor various temperaturég These shorter than the one for energy transfer. As only the bottom (

rates are given bV, (eq 20) andWxo (eq 21), respectively. All = 0) states of the mixed bands have oscillator strength, both
parameters as given at the beginning of Section V. the absorption and the fluorescence spectrum consist of a single
. . . . . : : 0 peak. Thus, the total donor and acceptor fluorescence intensity
10000 L « 1 4 as a function of time are given Hy(t) = yo+Po+(t) andla(t)
> L~ le-04fy | = yo-Po-(t), respectively. These are the quantities that will be
E N 1e-08]\Ys, analyzed in the following and related to the intraband relaxation
Z 100t S~ N T and excitation energy transfer.
= i T o 00 00 a0 S 1. Resonant ExcitationwWe first stud
=t - . y the fluorescence
= Ir T~ kinetics for resonant excitation, i.e., assuming that initially the
LE = ] superradiant stat@+of the donor band is excited by the pump.
2 o001 Following this excitation, the population of this state has two
© channels to relax, namely scattering to higher states in the donor
+ 0.0001 band (intraband relaxation) or scattering to the acceptor band
’ 15 2 25 3 35 4 45 (energy transfer). Once transferred to the acceptor band, the
distance, d (h) excitation may undergo relaxation within that band, or it may

] ] ’ o transfer back to the donor. Figure 5 shows the donor fluores-
Figure 4. Energy transfer rate as a function of interchain distance at o0 kineticsIp(t) resulting from the interplay of these

T = 0 according to Frster's formula (dashed line, see text for . . . .
definition) compared to the exact result (solid, eq 20) and the PTOCESSes at different temperatures and interchain distances,

perturbative one (dotted, eq 21). All parameters as given at the calculated by solving eq 15 with the above initial condition. In
beginning of Section V. The inset shows the convergence tstéios doing so, we neglected the radiative decay ratesf the exciton
result for very large distances. states, assuming this relaxation channel to be much slower than
all the others. As a result, at nonzero temperatuRps(t)
Section 11.B). This explains why the difference between the eventually reaches a finite value, which is in accordance with
perturbative and nonperturbative results quickly vanished for the Boltzmann equilibrium over donor and acceptor states. We
> h. This difference only is considerable fdr< h because the  notice that even the neglect of the superradiant emission rate
interchain interactions then quickly grow-{/d3), increasing for chains on the order of 100 molecules {2100 ps lifetime)
the band mixing even for the band edge states. does not limit the validity of the results presented in this section.
Upon increasing the temperature, the initial population will Typical values for I are in the 310 fs time scalé? so that
spread to highek states in the donor band. For these states, at all times considered in Figures 5 and 6 the radiative decay
the band mixing becomes increasingly more important, even indeed has a negligible effect.

for growing values of the distanek This effect finds its origin In Figure 5b, ¢, and d, one can distinguish two stages in the
in the fact that the energy separation between the isolated donoidonor fluorescence kinetics prior to reaching the Boltzmann
and acceptor bands decreases with growkggwhile the equilibrium. These stages are characterized by different time

interchain interactiody’ grows (cf. Figure 2). This explains  scales. The first stage, indicated by | in Figure 5c, is a fast
why the range ofl over which the perturbative approach fails intraband relaxation. Here, the initially created population of
increases with growing temperature. the superradiant donor staf +Crapidly scatters to the higher-

It is of interest also to compare the above-derived energy lying dark statesk, +[J resulting in a fast decay of the donor’s
transfer rates with Fster’s formula, which is obtained from  fluorescence intensity. Obviously, this process gets more
eq 21 under the assumption th]@f = (upual/d®) Noy, i.e., by pronounced with increasing temperature. The second stage,
viewing the donor and the acceptor chain as two giant dipoles, indicated by Il in Figure 5c¢, is noticeably slower. This stage is
irrespective of their separation. Here, we limit ourselves to the associated with the interband relaxation, i.e., with the energy

rate atT = 0, for which Faster's rate reduces tW/,, = transfer between the donor and acceptor bands. We note that at
191 M(h/d)S. This result is plotted as a function dfin Figure T = 0 the upward intraband relaxation is absent and the
4, together withW_ andWap at T = 0. Clearly, the Foster monoexponential fluorescence decay directly reflects the transfer

result gives an enormous overestimation of the exact as well asrate calculated through eq 20 &t= 0.

the perturbative rate for interchain distances smaller than roughly  As is seen, stages | and Il are easily separated as long as the
the chain length. This is not surprising because, at distancesinterchain distancel > h; it is then possible to determine a
small compared to the chain size, tﬂfé defined below eq 8a  meaningful effective energy transfer rate from the stage Il decay
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Figure 5. Kinetics of the donor fluorescendg(t) following resonant excitatiorFi+(0) = dyo] for different temperature$ and distanced between

the chains, as indicated in the panels. All other parameters as given at the beginning of Section V. The thick line in panel (c) separates the two
kinetic stages (I and II) distinguished in the text.
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Figure 6. Kinetics of the donor fluorescence for resonant excitation (thick solid curve) and off-resonant excitation (thin solid curve) calculated for
various distancesd(h = 1, 2, and 5 from left to right) and temperaturds= 0.05Jp and 0.25J, for top and bottom rows, respectively). All other
parameters as given at the beginning of Section V. The thick-eldstied curve shows the difference between the acceptor’s fluorescence intensity
and its thermal equilibrium value (see text). Finally, the straight lines represent the donor decay assuming fast equilibration over the donor band
in the nonperturbative case (dashed curve, eq 20) and the perturbative limit (dotted curve, eq 21).

of the donor fluorescence. At = h (Figure 5a), it is hardly The above statement that the stage Il part of the donor kinetics
possible to distinguish the two stages; the fluorescence kineticsindeed yields a meaningful measure for the energy transfer rate
only exhibits a fast initial drop, almost directly followed by the to the acceptor is corroborated by Figure 6, in which for three
Boltzmann plateau. The reason is that,dog h, the bare donor  different separations at two different temperatures, the donor
and acceptor bands are strongly mixed (see Figure 3). As afluorescence kinetics is plotted again (thick solid curves) and
result, the intra- and interband relaxation rates are of the sameis compared to the monoexponential decay obtained through
order, making it impossible to distinguish their signatures in eq 20 at the same temperature (dashed line). In Figure 6b, c, e,
the fluorescence kinetics. We also observe that the intrabandand f, stage Il can be distinguished, and this part of the kinetics
relaxation is much more sensitive to changing the temperatureis (roughly) parallel to the monoexponential curve. The agree-
than the energy transfer process. This is due to the fact thatment deteriorates with decreasing separatiand with growing

this relaxation is directly sensitive to the number of thermally temperature. In panel (e), stage Il already is rather hard to see,
accessible dark states in the donor band. and the agreement with the monoexponential curve is only fair.
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In panels (a) and (d), stage Il cannot be distinguished, and nosuffers from the interplay between intraband and interband
part of the fluorescence kinetics shows a reasonable agreementransfer and therefore does not yield a proper tool for measuring
with the monoexponential decay line. the energy transfer rate either.

From the above, it may be concluded that in the case of strong _
interchain coupling, under conditions of resonant excitation, the VI. Summary and Conclusions
kinetics of the donor fluorescence is not a good tool to determine

of both chains were detuned by a valdethe chain with the
higher (lower) band bottom was considered as the energy donor
(acceptor). In addition to electronic interchain interactions, our
theory accounts for weak exciteqphonon coupling. Two
. . - methods were investigated. In the perturbative method, we used
We observe that, even in the case of strong coupling and hlghthe common approximation of treating the interchain interactions
temperature, the acceptor fluorescence mdeed seems to b%'15aperturbation,which also is the basis for the standard FRET
affected less by the initial thermal relaxation part and more formalism. In the nonperturbative approach, we allowed for
dire.c.tly reflects the energy transfer rate as calculated assumingmixing of the donor and acceptor exciton banas and considered
equilibration (dashed lines). the various phonon-induced relaxation mechanisms in and
2. Off-Resonant ExcitatioWe next turn to the case of off-  petween these bands to describe the energy transfer process.
resonant excitation. To this end, we also plotted in Figure 6 By using the perturbative approach, we have confirmed that
(thin solid curve) the donor fluorescence after the system has gnergy transfer between multichromophoric systems can occur
been brought (artificially) in the initial state witP (t) = dxn2 from and toward dipole-forbidden stats2434 We have
andPi(t) =0, i.e., the center state of the donor band is excited. focysed, however, on two other aspects specific to multichro-
As for the case of resonant excitation, we observe that, at low mophoric systems, namely the effects of band mixing and
temperatures and (or) large interchain separations, the kinetic§ptrahand relaxation on the energy transfer. The first has been
exhibits two stages prior to reaching the Boltzmann plateau. syydied by comparison of the perturbative and the nonperter-
The first stage, intraband relaxation, now manifests itself through ptive method. Not surprisingly, we find that the perturbative
the increase of the donor fluorescence from its initial value zero approach loses its validity when the interchain distance decreases
because the donor population needs time to reach the superragang the interchain interactions grow). The perturbative result
diant bottom state of the donor band. We note that, despite thefor the energy transfer rate then strongly overestimates the exact
many relaxation steps needed to reach the bottom, for low gne that accounts for band mixing. The distance at which the
temperatures, this first stage occurs on the same time scale Ohertyrbation theory breaks down increases with temperature
even faster than for the case of resonant excitation. As a result,yecause the effect of band mixing is larger for the states inside
the stage Il process, related to the energy transfer, reflects thene pands, which get populated upon heating. We also compared
same time scale as for resonant excitation. our results to the standard FRET theory, which turns out to lose
By contrast, at higher temperatures, the distinction between its validity as soon as the interchain separation falls below the
the first and second stage of the kinetics is less clear: there ischain length (or exciton delocalization length, in case one
a more gradual change between the two, which also creates theconsiders disordered chains).
impression of a longer time scale for the intraband relaxation.  From our study it turns out that the process of energy transfer
We explain this as follows. As near the band center the mixing between multichromophoric systems is strongly affected by
of donor and acceptor bands is very strong, the intraband andintraband relaxation. This is most obvious in the kinetics of the
interband relaxation there happen at the same time scale. As ajonor and acceptor fluorescence after pulsed excitation. As these
result, off-resonant excitation is followed by very fast distribu- quantities are natural choices for probing energy transfer, it is
tion of the excitation over donor and acceptor bands, in both of important to realize that this kinetics does not only reflect the
which the population relaxes to the bottom. Thus, as opposedactual transfer process of interest, but also is affected by thermal
to the case of resonant excitation, the energy transfer problemrelaxation inside the donor and acceptor bands. Only if both
at the bottom of the band takes place in a situation where aprocesses can be separated, due to different time scales, one
large part of the population already has ended up in the acceptormay extract the energy transfer rate from such experiments. Our
band. In this situation, the back transfer from the acceptor to results suggest that the best way of determining the transfer
the donor, which takes place at temperatures on the order ofrate between twd-aggregates is to measure the fluorescence
the band edge detuning, feeds the donor fluorescence after kinetics of the acceptor's-band after resonant excitation of
the initial relaxation, which prolongs the time during which the  the donor band. Under these conditions, the acceptor’s fluores-
donor fluorescence increases and slows down its overall kinetics.cence intensity grows toward its equilibrium value almost
By comparing to the dashed lines in Figure 6, we observe that, monoexponentially, allowing for a meaningful definition of the
at the higher temperatures, no part of the kinetics curve for off- transfer rate. We also found that the thus extracted rate agrees
resonant excitation reflects the energy transfer rate calculatedwell with the transfer rate obtained when assuming equilibration
through eq 20. Thus, at high temperatures (comparaitedo over the donor band. If, because of relaxation to the ground
higher), off-resonantly excited donor fluorescence seems notstate, measuring the acceptor’s equilibrium fluorescence intensity
to be a good ruler for the energy transfer rate. At low turns out to be a problem, one may also resort to analyzing the
temperatures, this technique is more useful and then yields thedecay of the time derivative of this intensity. The first
same transfer rate as donor or acceptor fluorescence aftercomponent of that decay should then reflect the transfer rate,
resonant excitation of the donor. while the second reflects the relaxation to the ground state.
Without showing details, we mention that, in the case of off-  We note that, throughout this paper, we have neglected the
resonant excitation, the kinetics of the acceptor fluorescence homogeneous line widtH of the individual exciton transitions.

within the donor band. For this reason, we also plotted in Figure
6 the acceptor fluorescence as a function of time (thick ¢ash
dotted curves). These curves represept[Po-(t — ) —
Po-(t)], wherePo_(t — «) equals the thermal equilibrium value.
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Within our model, these widths result from excitephonon
scattering®® It may be estimated that, within the context of

excitation energy transfer, these widths may indeed be neglected

(i.e., T < JP) as long adhp < 27dp%we.

The results of this paper were derived by using the simplest
possible model of two interacting homogeneous chains with
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Appendix A: Some Explicit Expressions for
Homogeneous Chains

In this Appendix, we present analytical expressions for the
probability overlap functions valid for the ordered case.

By substituting the eigenfunctions eq 4 into eq 12, the
probability overlap(ﬂ’k(k is obtained as

1

X —
The=7

(A1)

Likewise, from egs 7a and 17, we obtain the probability overlap
(v (with g and v chosen fromK, +) or (k, —)) in the form

1
qu_m
1+ L vu=(k %), v=(K, L)
VA )L+ a T ' (A2)
1
l_ y = =
(1+ 7]1()(1—'_ nk') Iu (kv :l:)a v (k"l :F)
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