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m Abstract The currentstate of understanding of molecular resonance energy trans-
fer (RET) and recent developments in the field are reviewed. The development of more
general theoretical approaches has uncovered some new principles underlying RET
processes. This review brings many of these important new concepts together into a
generalization of Bfster’s original theory. The conclusions of studies investigating the
various approximations indfster theory are summarized. Areas of present and future
activity are discussed. The review coverzs$iér theory for donor-acceptor pairs and
electronic coupling for singlet-singlet, triplet-triplet, and superexchange-mediated en-
ergy transfer. This includes the transition density picture of Coulombic coupling as
well as electronic coupling between molecular aggregates (excitons). Spectral over-
laps and ensemble energy transfer rates in disordered aggregates, the role of dielectric
properties of the medium, weak versus strong coupling, and new models for energy
transfer in complex molecular assemblies are also described.

INTRODUCTION

Resonance energy transfer (RET), often known also as electronic energy transfer
(EET), is a ubiquitous photophysical process whereby an electronically excited
“donor” molecule transfers its excitation energy to an “acceptor” molecule by a
nontrivial mechanism such that the excited state lifetime of the donor is diminished
(1-6). In other words, the excitation energy is not transmitted by uncorrelated donor
emission—acceptor absorption events.

The phenomenon of RET was originally revealed by careful fluorescence quen-
ching experiments (7—17). In parallel to observations of RET in dye solutions, a
number of studies were exposing the role of RET in various biological systems
(18-23). For example, Emerson & Arnold (18) concluded that a large humber of
chlorophyll molecules were involved in the capture of light to initiate the first steps
in photosynthesis. Other studies went on to explore carotenoid to chlorophyll RET
in marine diatoms (19), and the question of whether the protein itself can absorb
light and transfer this excitation to a bound chromophore (21).

0066-426X/03/0601-0057$14.00 57



58

SCHOLES

An elegant theory relating experimental observables to the mechanism of RET
was first put forward by &1ster (10). The significance obFster’s formulation is
evinced by the numerous, diverse areas of study that are impacted by his paper,
examples of which include the measurement of distances between fluorescent tags
in a protein by fluorescence resonance energy transfer (FRET) (24, 25), and the
observation of the kinetics of conformational changes in RNA by time-resolved
FRET (26). Similar kinds of experiments are employed to elucidate the struc-
ture and dynamics of polymer-polymer interfaces (27-32). RET is responsible for
guenching of fluorescence in concentrated solution (33), and is used by photosyn-
thetic organisms to harvest sunlight (34, 35), or tune the color of bioluminescence
(36, 37). Inspired by nature, optimization of RET plays a fundamental role in the
development of synthetic light-harvesting devices (38-46), as well as in color-
conversion in electroluminescent polymer-based devices (47-50). Such studies
have led to the synthesis of some remarkable supramolecular systems and molec-
ular assemblies that have been the subject of studies revealing deeper insights into
the mechanism of RET. The efficacy of RET-mediated energy migration along
aromatic polymers can be used to harvest light, or naturally accelerate the pho-
todegradation processes (52-58)—as put to use in the ingenious photodegradable
plastics developed by Guillet (59).

Historically, RET was referred to as “transfer by inductive resonance.” This
descriptive term emphasizes that the electronic interaction promoting RET in-
volves a coupling of transition moments of the donor and acceptor molecules
via a Coulombic interaction, conceptually analogous to coupled oscillators. Early
work also established that energy conservation in the weak coupling limit is en-
sured by overlap of the donor fluorescence spectrum with the acceptor absorption
spectrum. Such a spectral overlap bundles a lot of complicated information into a
simple form. The spectral overlap includes nuclear overlap factors, separated from
the electronic coupling term by the Born-Oppenheimer approximation, in the form
of Franck-Condon overlap factors. It also accounts for spectral line shapes—and
thus the temperature dependence of the RET rate—as well as energy relaxation
terms in the spirit of the Stokes’ shift (10, 60). A typical schematic illustration of
RET is shown in Figure 1, which demonstrates that a picture of coupled two-state
systems is the minimal model. The genius afr§tér theory for RET is that all
this relevant information regarding electronic coupling and the entanglement of
nuclear factors is obtained from simple experimental data.

There is an important synergism between experiment and theory in studies of
RET phenomenaas well asinthe use of RET as a spectroscopictool. Inrecent years
the complexity of the systems being studied has escalated, and these systems have
been investigated at a deeper level. This has necessitated the development of more
general theoretical approaches and has uncovered some new principles underlying
RET processes. This review brings many of these important new concepts together
into a generalization of érster’s original theory. In addition, the conclusions of
studies investigating the various approximationsarster theory are summarized.

The present review summarizes the current state of understanding of molecular
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Figure 1 Model picture for energy transfetop) showing fluorescence of the donor

to multiple vibronic levels of the ground state, coupled to isoenergetic transitions of the
acceptor. Energy conservation is thus determined by spectral overlap of donor emission
and acceptor absorptiobdtton).

RET, recent developments in the field are highlighted, and areas of present and
future activity are discussed. The sheer volume of work on RET precludes the
possibility of dwelling on specific studies, although some historical papers that
assume greater relevance in the context of recent developments are mentioned.
Some earlier reviews of RET can be found in References 1-4, 14, and 61.
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WEAK VERSUS STRONG ELECTRONIC COUPLING

A recurring and important problem in RET theory is the discrimination between
weak, intermediate, and strong electronic coupling (1, 62—8irstef theory is
formulated for the weak coupling limit (1, 10) because itis based on an equilibrium
Fermi Golden Rule approach with a second-order perturbation theory treatment
of the electronic coupling between donor and acceptor. The key assumptions are,
first, that the bath equilibrates subsequent to electronic excitation of the donor on
a timescale that is considerably faster than that of RET and, second, that the
coupling to the bath, for example, as indicated by the absorption line shape, is
much greater than the electronic coupling between donor and acceptor. This latter
condition ensures that the RET is incoherent (Markovian) and irreversible. The
complementary case is the strong coupling limit, in which the donor and acceptor
electronic states mix strongly to produce new, delocalized states. In that situation,
it makes no sense to discuss RET from donor to acceptor.

A particularly challenging problem has been to model RET dynamics in the
intermediate coupling case. In this case, nonequilibrium relaxation of the bath
on the timescale of RET and mixing of the donor and acceptor states can lead
to coherent dynamics on short timescales. Recent theories for the intermediate
coupling case (76-81) are particularly salient given the present capabilities of
ultrafast spectroscopy. In the next few years, it will be interesting to model ultrafast
spectroscopic data using such theoretical approaches in order to investigate the
breakdown of the weak coupling approximation in various systems. Up to the
present time it is worth noting that Fermi Golden Rule-type approaches often
seem to provide a useful, and basically correct, physical picture for many complex
donor-acceptor RET systems.

FORSTER THEORY FOR DONOR-ACCEPTOR PAIRS

The Forster theory for RET was derived according to the established theory for
coupling of a state to a quasi continuum of secondary states. Such a model allows
one to rationalize dynamic processes involving decay of a “stationary” state, as
described by Robinson & Frosch for radiationless transitions (63). In this way,
Forster was able to write a Fermi Golden Rule expression for the RET rate, wherein
the matrix element of interaction between excited donor and ground-state acceptor
is a purely electronic coupling. Conditions of energy conservation and nuclear
overlap factors, separated from the electronic coupling by the Franck-Condon
principle, were shown to relate emission and absorption events of the donor and
acceptor molecules,

k=21 / & Y3 PIOPOIucE: & o) 1
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wheres‘j is the energy gap of the donor molecule, adjusted accordirig(Kp
for thermal population of modk in the excited state, and similarly fel, with
respectto the acceptor ground state. Owing to the normalization adoptedibgr-"
the matrix elementi is a dimensionless quantity. If the electronic couplings
independent of energy then we can write

u= ;IZ P(KP() |u(Ek, & )| = IVI2 3(e), 2.

such that, in the absence of static disorder, the spectral o\#&apvhich ensures
energy conservation, takes the simple form of an overlap between donor emission
fho"(¢) and acceptor absorption specif&™(e), which have each been normalized

to unitarea on an energy scal&) = f"°(¢)a"™™¢). Thus Equation 1 is rewritten

as

x
|
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whereV is the electronic coupling between donor and acceptor, which/for
is expressed in units of cm, and v’ = &/27hc. Any dielectric screening of
the electronic interaction owing to the surrounding medium is includéd ews
discussed in a later section.

Forster went further and expressed the rate of EET from donor D to acceptor
Aas

1 9000(In 10k 2¢p| 1
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wherek is the orientation factor associated with the dipole-dipole interaction
between donor and acceptor (see beldRif their center-to-center separation in
units of cm, anchis the refractive index of the intervening mediudis Avogadro’s
numbergp is the fluorescence quantum yield, anglis the lifetime of the donor

(in the same units as/k™rs'®), The Forster spectral overlapis obtained from

the overlap—on a wavenumber (or wavelengjhscale—of an experimentally
measured absorption spectrum for A, where intensity is in molar absorbance, with
an area-normalized emission spectrum of Bas units oM~cnr.
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In this usual representation of thenster equation, the electronic and nuclear
factors are entangled because the dipole-dipole electronic coupling is partitioned
between2¢pp/(rpRP) and the Bister spectral overlap integral, which contains the
acceptor dipole strength. In molecular aggregate systems, this is a problem, which
means that Equation 3 is a better starting point for modifyingster theory, as
described in a later section.

The Forster equation, as it stands, is accurate provided that four conditions are
satisfied: &) A dipole-dipole (or convergent multipole-multipole) approximation
for the electronic coupling can be employed appropriately for the donor-acceptor
interaction. b) Neither the donor fluorescence lifetime, emission line shape, accep-
tor absorption line shape, nor oscillator strength is perturbed because of interactions
among donors or acceptors respectivaty.Static disorder (inhomogeneous line
broadening) is absent in the donor and acceptor line shap)&hé energy transfer
dynamics are incoherent.

ELECTRONIC COUPLING

Singlet-Singlet Electronic Coupling

RET may be thought of as a virtual photon exchange between donor D and accep-
tor A that is promoted by electronic coupling = (DA*|H|D*A) and hindered

by nuclear reorganization associated with the transitiohs>ID and A— A*.

The electronic coupling may be partitioned into a Coulombic contribioH!,
operative at all separations when the RET is spin-allowed, and a short-range con-
tribution Vsh°"that is explicitly dependent on the degree of overlap between the
donor and acceptor molecular orbitals. Thus, at all separations

V = VCouI + VShort‘ 6.

It is assumed in &ster theory thaV ~ VCoU! and that the Coulombic cou-
pling can be approximated as a dipole-dipole interaction between transition dipole
moments of the donor and acceptor molecules,

1 xppua
drey R3O

The orientation factor is defined by
Kk = fip - fia — 3(ip - R)(jfia- R)

= 2c0S9p C0SHp + SINOp SiNfp COSp. 8.

VCOU| ~ Vdd —
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Figure 2 Definitions of the angles used for calculating the orienta-
tion factor between two dipoles, Equation 8.

The vectors and angles are defined in Figure 2 and the magnitude of the center-
to-center separation of the moleculesRisThe orientation-dependence of RET

has been tested to show that no interaction is observed between perpendicularly
oriented chromophores (82). The dipole-dipole approximation has proven to pro-
vide a useful and reliable estimation of the electronic coupling between pairs of
molecules. The transition moment magnitudé¢in units of Debye) is related to

the dipole strength of an absorption band, measured in media of refractive index
n, according to (83)

w? =9.186x 103n f [a(P)/D] dD. 9.

For some absorption bands the dipole strength may be dominated by borrowed
intensity owing to strong vibronic coupling to a higher lying state. In that case, the
orientation factor is calculated according to the orientation of the transition moment
of the higher state from which the transition intensity is borrowed. Compelling
evidence for vibronic coupling-mediated RET has been reported by Yip et al. (84).
In general, the Coulombic interaction between staitémoleculeM and statek
of moleculeN, wherei is vibronically mixed with statgaccording to the vibronic
coupling parametew, is written as (85)

V=Vt oV 10.

A unified theory for the dipole-dipole, and higher multipole, interactions can
be derived from quantum electrodynamics (QED) (86—88). Such an approach has
the conceptual advantage of considering explicitly the fate of molecular electronic
states as well as photons. Andrews (86, 87) has shown that the QED framework
unifies the ideas of normal RET and the trivial process whereby a photon emitted
from the donor propagates through the medium and is absorbed by an acceptor.
The distance-dependences of these limits, as well as an intermediate regime, are
connected in a single theory that converges to virtual photon exchange at close
separations and real photon exchange at large separations. For randomly oriented
chromophores, Equation 7 is modified according to the substitution
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k2 2(3+k?R% + k*R%)

wherek is the wavevector of the exchanged photor; w/c. In the “near zone”

limit kR < 1, Equation 11 converges to the familiay &R 6. In the “far zone”

limit of the expressiorkR >> 1, which corresponds to real photon exchange, the
distance-dependence scales a®J2'R—2. Such a mechanism would be operative

at separations of1 um. The QED theory has proven to be useful for consider-
ation of medium effects and fluorescence depolarization, and for exploring new
mechanisms of RET (87, 89).

At sufficiently large separations between the donor D and acceptor A chro-
mophores that the initial and final states for the RET are well described by the
product wavefunctiond*A) and|DA*), V3"°'is composed of contributions from
penetration terms and a four-center, two-electron exchange integral (90). This latter
term is the Dexter exchange integral (91)—a quantum mechanical correction to the
Coulombic repulsion whose origin lies in the Pauli exclusion principle. It does not
contribute significantly t&/s"°tunless the donor and acceptor wavefunctions are
very close to orthogonal (92, 93). However, in that ce§€" should overwhelm
the coupling, except in triplet-triplet energy transfer.

Whenever the donor and acceptor orbitals interpenetrate significantly, this sim-
ple picture of more or less isolated donor and acceptor breaks down.
Effects deriving from the strong nonorthogonality between D and A wavefunc-
tions need to be considered. To a first approximation this is often done varia-
tionally with the introduction of so-called charge transfer configurations (92).
At close separations, interactions arising at this level of theory domwHf
(93).

The significance of exchange and other short-range interactions, as well as
higher multipole contributions to the Coulombic interaction, have been exam-
ined fairly extensively (94, 95). An interesting example is the report of Markovitsi
et al. (96), in which the relative significance of short-range coupling interactions
in columnar liquid crystals is directly measured. Our recent re-investigation of
the origins and nature of the Coulombic interaction, however, lead inexorably to
the conclusion that the electronic interaction that mediates RET at separations
greater than 3\ is invariably Coulombic. A compelling example is RET involv-
ing the dipole-forbidden §&— S; transition in carotenoids reported by Fleming
and coworkers (97). Interestingly, it seems that we thus return to the earlier con-
clusions of Kallmann & London (98), who first identified both the Coulombic
and short-range exchange contributions to the electronic coupling. Moreover, it
is evident for molecular systems that the dipole-dipole coupling cannot be im-
proved by consideration of dipole-quadrupole, dipole-octupole, etc. terms in the
multipole expansion. The shape of molecules becomes important as the dipole
approximation breaks down. Owing to the importance of the Coulombic cou-
pling that has now been established, a careful description of this interaction is
timely.
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Coulombic Coupling

The electronic transitions of molecules D and A can be thought of as quantum
mechanical oscillators, which we can represent as transition densities connecting
stateK to L on moleculeM, P (r1) = |K) (L| (99, 100),

PEL(r) = N / Wi (X1, X2, - -+, XN)
X WP (X, X, .oy Xyy) OXo .. dXy dX . dX) disy, 12.

whereN is a normalization constant; are the spatial and spin coordinates of
electroni, ands, is the spin of electron 1.

The Coulomb interaction between the D and A transition densities is the elec-
tronic coupling that promotes EET via virtual photon exchange,

VCouI — 62 / Po?n(rl) PnAO(rZ)
4meg [r1 —ro

In optical spectroscopy the transition density of an allowed transition is char-
acterized by its dipole moment,

dridro,. 13.

uik = [ (r 1P (ry) dr 1, 14,

where the indexx denotes the, y, andz components of the vector. It is this
quantity uL¥ that determines the strength of electric dipole-allowed electronic
transitions between statésandK according to the dipole approximation. This
approximation is reasonable when the wavelength of light is much greater than
molecular dimensions.

Similarly, if we assume that the donor and acceptor electronic transitions are
electric dipole-allowed, and the conditigm —r,| > the spatial extent of D and
A is satisfied, then Equation 13 can be written in terms of transition multipoles
(dipole, quadrupole, etc.) and a corresponding power seriegRnvithereR is
the center-to-center separation of the moleculesstér was the first to propose a
connection between electronic spectra and the electronic coupling based on these
arguments, so this is the approximation normally used in conjunction withtét”
theory. A multipolar expansion of the Coulombic interaction beyond the dipole-
dipole level would seem to be useful for atomic systems, however, as pointed out
by London (101) with respect to van der Waals forces:

...itis clear that even the dipole terms of this power series must turn out to be
quite inappropriate if one has to consider oscillators of some length extended
over a large region of a chain molecule. Another molecule would interact
chiefly with one end of such along virtual oscillator, and this situation would be
completely distorted if one were to represent the oscillator by a decomposition
into point-form multipoles, all located in the center of the molecule. It would
obviously be much more appropriate in this case to represent each oscillator by
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several distinct poles, “monopoles,” of different sign, suitably located in the
molecule, thus directly taking account of the actual extension of the oscillator
in question.

The conclusion is that the shape of molecules determines the essential shape of
the transition densities, as illustrated in Figure 3. When the separation of the donor
and acceptor molecules is comparable to their physical sizes, then the topology of
the transition densities cannot be ignored (100). It is only when the two molecules
are sufficiently far apart that all the points of interaction between the transition
densities are similar that it is useful to calculate the interaction from multipole
moments of the transition densities and one average donor-acceptor separation.
A useful rule of thumb is to check whether the valueRois insensitive to the
exact positions on the donor and acceptor molecules that are deemed to be the

Figure 3 Plot of a transition density calculated for a rhodopin glucoside
carotenoid from the peripheral light harvesting complex LH2Rtfodopseu-
domonas acidophilaThe molecule is about 24 long.
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molecular centers. This will indicate whether a multipolar expansion of the inter-
action potential provides a useful route to evaluation of Equation 13. Otherwise
a more sophisticated approach for evaluating Equation 13 is required. Czikklely
et al. (102) formulated an extended dipole model to account for coupling in dye
aggregates, which was based on an approximate treatment of the wavefunctions.
Recently Krueger et al. (100) developed the transition density cube (TDC) method,
which takes advantage of modern quantum chemical calculations of excited-state
wavefunctions to obtain the transition densities of Equation 12.

We conclude that, when the donor and acceptor molecules are closely proximate
relative to molecular dimensions, then the analogy between synergistic absorption
and emission processes (coupled dipoles) an&/ft?¥ interaction breaks down.

We now need to think aboMt®®!!in terms of “local interactions” between the donor

and acceptor transition densities. When donor and acceptor molecules are large
compared with their center-to-center separation, there is a distinct and important

difference between averaging over wavefunctions, then coupling them (Equation

15) and averaging over the coupling between wavefunctions (Equation 16). In the

former case we retrieve the dipole-dipole (or multipole-multipole) interaction,

ZQiFi Zq;ﬁ /R3, 15.
i j

for discrete chargeg at positionr; on donor molecule D and charggsit position

rj on acceptor Ar;; = r;—rj, Ris the center-to-center separation between D and
A, and« is the orientation factor between transition momeits= ) ; ¢ir; and

Aa =) qjrj. Inthe latter case we have

vad

K
4 eg

1
VO e 2 GG/ 16.
1]

In the transition density cube (TDC) method (100), the coupling according to
Equation 13 is calculated by discretizing the transition densities,

7+8; Y+oy X+é«

IE’.2”L(><,y,2)=Va/ / /PM(M), 17.

z y X

where the, denote the grid size of the transition density cube\gnet 5,5,8is the
element volume. The integration in Equation 13 is then converted to a summation,
as in Equation 16. In the TDC method, the donor and acceptor transition densities
are each represented in a 3D grid. Charge density in each cell of the gldsor
coupled with the charge density in each cell of the acceptoa Equation 16. Thus,

the donor-acceptor interaction topology is accounted for at a fine level of detail.

In recent work, transition densities have been calculated from semiempirical
wavefunctions, using for example INDO/S-CI methods (103-104; X.J.
Jordanides, G.D. Scholes, W.A. Shapley, J.R. Reimers, G.R. Fleming, unpublished
manuscript). This approach has the advantage that the parametrization intrinsic to
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semiempirical methods leads to better estimations of transition moment magni-
tudes, and hence transition densities that are better suited for reliable Coulombic
coupling calculations, without needing to devise some kind of scaling strategy

(100). The transition densities from INDO/S-CI are localized at molecular centers

according to a distributed multipole expansion (X.J. Jordanides, G.D. Scholes,
W.A. Shapley, J.R. Reimers, G.R. Fleming, unpublished manuscript),

PRLGIrY) ~ qd(ri —ra) + i - V8(ri —ry), 18.

whereg; is the transition density monopole at atomic cemntandji;is the corre-
sponding transition dipole vector. The coupling is given by

VCouI ~

1 ) a9 Gileg -fil i fijla N fi - iy — 3 - Fillai - fi]
, 2 2 3 ~
rij r2 r2 r3

19.

Supe'rexchange-Mediated Coupling

Electronic coupling between donor and acceptor can be mediated by intervening
bonds or chromophores that act as virtual bridging states. This was suggested by
Robinson and coworkers (106, 107), who sought to explain the rates of triplet-
triplet energy transfer among guest molecules in aromatic crystals at liquid helium
temperature. They suggested that the long-range energy migration between the
guest molecules involved indirect electronic coupling through virtual states of the
host. The D to A electronic coupling mediated througldentical intervening

host molecules B has the form (106, 108—-110)

V® 2 Vpg(Ves )N Vea/(-AE)N, 20.

whereVpg and Vg s are the electronic couplings connecting the nearest bridge
molecule to the donor and acceptor respectively, @4l is the electronic cou-
pling between adjacent bridge units. Itis evident that the superexchange-mediated,
or “through-bond,” coupling/® depends critically on the energy difference be-
tween the donor absorption and the bridge absorptida, The energy gap de-
pendence for singlet-singlet superexchange-mediated RET has been explored in
recent work by Kilg'et al. (111). The first observation of connecting sigma bonds
promoting triplet-triplet RET in a supramolecular donor-bridge-acceptor system
was reported by Closs and coworkers (112). More recent studies have examined
evidence for the role of through-bond interactions in singlet-singlet RET (111,
113-118). Superexchange-mediated triplet-triplet RET is discussed below.

A general framework for describing superexchange coupling for energy transfer
can be based on generating effective donor and acceptor wavefunctions thatinclude
mixing with bridge configurations (119). Thus, the Hamiltonian for each donor and
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acceptor (denoted M) is written as (128)= Hw + Hp + H where the bridge (or
“perturber”) is labelled P, anH’ is the interaction term that includes Coulombic
interactions, spin-orbit terms, and charge transfer (CT) configurations (i.e., the
possibility of significant overlap between the M and P wavefunctions). Hence,
we write our molecule-perturber pair ground- and excited-state wavefunctions
as (120)

0% = ¢ 0. 21.
om0 — N(¢m¢8+x¢a¢p st + 3 npd% ol + ) 22.
p

where®™P denotes statm of the molecule and stafeof the perturber, the, wu,

andn are mixing coefficients described below, @ the normalization constant

that ensuregd™ |®™M) = 1 (N~ 1 for weak perturbations). The orbital overlap-
mediated superexchange interactions are thus promoted by interactions that, in
a perturbation representation, would look likéAA — D~P*A — DP*A —
DPtA~ — DPA*, etc.

It is usually thought that orbital overlap-dependent interactions are most sig-
nificantly mediated through-bond. However, owing to their generally established
significance, it is also possible that Coulombic interactions might be mediated
through-bond. A mechanism by which Coulombic coupling can be effected by an
intervening bridge system is analogous to the intensity enhancement of electronic
transitions by a proximate “perturber” molecule described by Robinson (120). It
can be shown that such perturbations would not significantly affect the energy of
the @™ « &% transition. However, the electronic transition density can be sig-
nificantly perturbed, which in turn perturbs the matrix element for energy transfer
from D to A. This is signalled by a perturbation of the dipole transition moment
for themO <« 00 transition of the MP pair,

Aimo;00 & (Cbmo |er’| 4300), 23.
which can be written as
[imo;00 & fio + Mt—:00 + Iil—4:00 + Z np/l',';o, 24,
p

where monomer transition moments are indicated by superscripts M or P, the
mixing coefficientsh and u have been described in References 92 and 93, and
the n, are given by Robinson [terms X and Xl of equation 8 of Reference 120].
Approximate expressions for these coefficients are

A~ —Bet/ AT, 25.
w A —But/AnT, 26.
n ~ VOp;mO VOp;annq;mO 27.

AOp;mO n.q AOp;mOAnq;mO '
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where 8t is the electron transfer matrix element between M and,is the
corresponding hole transfer matrix element, aad andAyt are the energy gaps
between the charge-separated and locally excited configuration&/pJh6 etc.

are couplings between electronic excited states of the molecule and perturber,
which usually dominated by the Coulombic interaction (Mapmo = V1.

Triplet-Triplet Electronic Coupling

Triplet-triplet (T-T) RET is overall a spin-allowed process; spin is conserved be-
tween the initial staté(*D*!A) and the final staté(*D3A*). It is known (91, 94)
that T-T RET cannot be mediated by the Coulombic interaction because it is
spin-forbidden. A Coulombic interaction can, in principle, promote T-T RET via
spin-orbit coupling terms in the Hamiltonian. However, by considering a first-order
perturbation treatment of singlet-triplet mixing (121), one can easily estimate that
spin-orbit coupling—mediated Coulombic coupling would usuallyté6 x \VVcou!
whereVCe! s the Coulombic interaction between the perturbing singlet states of
donor and acceptor. Indeed, the insignificance of spin-orbit coupling—mediated T-T
RET was demonstrated by Ermolaev (122), who investigated the quenching of ben-
zophenone phosphorescence by naphthalene and its haloderivatives. The T-T RET
probability was found to be independent of acceptprST; oscillator strength.

Itis now well established that T-T RET is promoted by interactions that depend
on the degree of orbital overlap between donor and acceptor (91,92, 123, 124).
The T-T coupling is given by the approximate expression

VT ~ (2Be1BuT) /°A — Z, 28.

whereBgr is the electron transfer matrix element between donor and accgptor,

is the corresponding hole transfer matrix eleméatis the energy gap between

the charge-separated {B~) and locally excited (PA) configurations, and is

the two-electron exchange integral. Involvement of these charge-separated states
in the mediation of orbital overlap-dependent interactions mediated through-bond
has been suggested by studies of superradiant emission and polarizability of a
series of rigidly linked naphthalene dimers (115).

Assuming HOMO— LUMO one-electron excitations for simplicity of nota-
tion, and writing the donor HOMO and LUMO as linear combinations of atomic
orbitals in the usual wayyHomo = Zi Ci¢i andyr umo = Zj G (Similarly for
the acceptor using subscriptands). et andByt are given by the bond integrals

Per =Dy cc (hir — Srhir), 29,
i r

But = Z ZC]CS (hjs — Sjshjs) . 29b.
i s

Here thehp, are screened one-electron integrals (128), ~ (¢q|h|¢p) +

> n2(paltata) — (ptalat,), where{t,} are the set of doubly occupied core orbitals
on the molecule, an8,q are overlap integrals. The Dexter exchange integral is
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Z:Zchjqcs(irus). 30.

i,j rs

Each of thedgr andByt are exponentially attenuated with distance; thus overall
VTT diminishes exponentially with donor-acceptor separation, and can often be
modelled according to™T ~ Aexp(-2R), whereRis the center-to-center separa-
tion of the overlapping orbitals. Typicallyseems to be inthe range 1.2 to Aot
for through-space coupling (126). However, this interaction is highly sensitive to
molecular shape, size, and orientation, as evinced by the dependence on the atomic
orbital coefficients and interactions. At separations of less than approxma&ely 6
the first term in Equation 28 should domin&tk', whereas at greater separations,
or for heavy atoms, the exchange term should be most significant.

Through-bond coupling ameliorates the distance-dependence by reducing
(126). Usually the distance-dependence of experimentally measured through-bond
triplet-triplet energy transfer rates is characterized accordikg+oA’ exp(-8R).

The attenuation factgt can take values from 1. 381, for saturated hydrocarbon
bridges (127), to 0. 1A~ for polyalkynes (128). Recently Harriman et al. (129)
reported an attenuation factor of 0. At for polyacetylene/phenylene bridges.
Andréasson et al. (130) demonstrated that through-bond T-T RET occurs with
high efficiency through conjugated bridges, but not through saturated bridges.
Polynorbornyl bridges seem to be a special case of saturated bridge optimized for
through-bond coupling (110,113, 114, 127)aKl& Wagner (131) showed that

T-T RET is mediated through space when donor and acceptor are connected by
flexible bridges.

Other Spin States

Usually RET is discussed only in terms of singlet-singlet or triplet-triplet energy
transfer. However, RET between states of other spins is possible in some cases.
Singlet-doublet RET can occur in the photosynthetic reaction center of purple
bacteria when the special pair is oxidized (X.J. Jordanides, G.D. Scholes, W.A.
Shapley, J.R. Reimers, G.R. Fleming, unpublished manuscript). This process oc-
curs with a similar mechanism to singlet-singlet RET; however, it is more chal-
lenging to calculate the excited states of the dimeric doublet state acceptor. Various
cases of spin-selection rules for RET are discussed by Naqvi (132). We note that,
when spin-allowed, the Coulombic interaction can be written in terms of transition
densities; then prefactors such ag)t/? for singlet-doublet RET that are neces-
sary in Naqvi’'s notation do not need to be added. These prefactors are accounted
for already in the transition densities.

SPECTRAL OVERLAP AND ENSEMBLE AVERAGES

By definition, the line shapeg°®(¢) anda®™(¢) are identical for all donors and
acceptors respectively. However, in many types of condensed phase media (e.g.,
glasses, crystals, proteins, surfaces), each of the donors and acceptors lies in a
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different local environment, which leads to a static offset of the excitation energy
relative to the average that persists longer than the timescale for RET. In such a
case, the measured donor emission and acceptor absorption spectra will not be
representative df"°™(&) anda"®™(e). When such “inhomogeneous” contributions

to the line broadening become significangrétér theory cannot be used in an
unmodified form (133-138). What we observe is a distribution of rates that depends
on the static disorder in the donor-emission and acceptor-absorption spectra.

If there is just a single donor-acceptor pair, then we must ensemble average
the nuclear spectral overlap. For example, if the inhomogeneous line broadening
present in the donor-emission spectréia) and acceptor-absorption spectrum
A(e) is described by a functio(e2,, em), which provides a distribution (often
taken to be Gaussian) of static offsetsto the mean excitation energﬁ], then
F(¢) and A(e) are given by Equations 31a and 31b. These donor-emission and
acceptor-absorption spectra are both, individually, ensemble average quantities
and so are not related in a simple way to the spectral overlap, Equation 31c,
becausd(e) # F(e)A(e).

F(e) = / fM(eq — £)G (3 — q) dea, 3la.
A(e) = / a™M(g, — €)G (e — ea) dea, 31b.

J(e) = // f"M(eq — £)G (3 — £q)a™M(ea — £)G (€2 — a) deq dea.  31c.

Energy migration among a number of chromophores with inhomogeneously
broadened spectra can be modelled using a Pauli master equation approach (137—
145) as long as the excitation is localized as it hops from molecule to molecule.

In such a model, the probability of finding the excitation on sitethe aggregate
Pi(t) is determined by solving the coupled differential equations,
—dpl ® = Z [kij Pi(t) — (kji + ‘Ciil) R (t)], 32.

dt -
i

where the excited-state lifetimedsand uphill RET rates can be calculated via de-
tailed balancek;; = kij exp(-AE;j /kT), with AE;; equal to the energy difference
between donor- and acceptor-absorption maxima. Alternatikelgnadk;; can be
calculated independently according to ther$tér equation. The site-site rates are
calculated according to a spectral overlap involving homogeneous line shapes. A
Monte Carlo sampling procedure is used to account for disorder, typically with
~2000 iterations. At each iteration, the site energy offsets for each molecule in
the aggregaté are chosen randomly from a Gaussian distribution of standard de-
viationo, w(8) = exp(=8?/202)/(o+/27r). A Gaussian distribution is in accord
with the central limit theorem. It is useful to note that the standard deviation is
related to the full width half maximum (FWHM) of the distribution by =

o (8In2)/2, If the electronic coupling varies from aggregate to aggregate because,
for example, the molecules are oriented differently, then this can also be included.
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The Pauli master equation approach to calculating RET rates is particularly
useful for simulating time-resolved anisotropy decay that results from RET within
aggregates of molecules (143). In that case, the orientation of the aggregate in
the laboratory frame is also randomly selected at each Monte Carlo iteration in
order to account for the rotational averaging properly. The method has proven to
be useful for disordered photosynthetic aggregates, but note the limitations of this
model described by Scholes & Fleming (133). The implications and treatment
of disorder in aggregated donor or acceptor assemblies are discussed in a later
section. Disorder in the energies of the bridge states has been considered by Yeow
& Ghiggino (146).

A further case of interest has been described by Yang & Fleming (147) and
observed by Agarwal et al. (148). They noticed that site energies within each
aggregate can be correlated, such that the mean site energy of each aggregate is
offset from an overall average, as shown in Figure 4. The standard deviation of static
offsets within each aggregateiswhereas the standard deviation of the distribution
of mean offsets in an ensemble of aggregates.i#t is important to dissect the
total width of the static disordeA = (62 + £?)/? into these contributions in
order to calculate correctly the RET dynamics. Within each ensemble the site-site
ratesk; are determined only by.

DIELECTRIC PROPERTIES OF THE MEDIUM

In a dielectric medium, such as solvent, the Coulombic interactions between donor
and acceptor are screened. If one assumes the dipole approximatiéntifiat

donor and acceptor are well separated in a nondispersive, isotropic host medium,
and that local field corrections are negligible, then the coupling is modulated
by a factorD = n=2, wheren = et/%is the refractive index of the medium at
optical frequencies (149). Thu¥ %! (screened)= D x VC°U. This screening

is the origin of the In* term in the Bister equation (10, 83), and it can have a
substantial influence on the rate of RET. There has been some confusion about
this screening parameter that has been nicely clarified by Knox & van Amerongen
(83). An important point is that the/m* factor in Frster’s equation, Equation 4,
arises from dielectric screening of the dipole-dipole coupling, and it has nothing
to do with the relationship of the theory to spectra.

An unresolved question is how to treat screening effects when the donor and ac-
ceptor are closely proximate—that is, closer than a few molecular diameters. This
is an especially salient point now that calculation of couplings from the interaction
of transition densities is becoming more common. One of the most detailed inves-
tigations of medium effects in RET is that reported by Dow (149). Dow showed
that the screening of the Coulombic interaction can be described according to

Res (1, E)Po (r)Pa(r2)
Ir+ri—rp ’

33.

v Coulscreened)= /d3rd3r1d3r2

Whereezl(r, E) is the longitudinal dielectric function, and the transition den-
sities of donor and acceptor are defined in Equation 12. Local field effects are



SCHOLES

uncorrelated correlated
distributions distributions

Figure 4 lllustration of inhomogeneously broadened absorption spectra of molec-
ular aggregates where the disorder in molecule-site energies is uncorrelated to the
aggregateléft) or correlated to the aggregateght). In the second case, there is a
second distribution of disorder of the mean excitation energy of the molecules in each
aggregate.

neglected in this equation. At large donor-acceptor separaforibe Forster

result is obtained by putting[l(r, E) = ¢ YE)8(r). However, a key effect that

will become significant at close donor-acceptor separations is spatial dispersion
arising from the -dependence Qf[l(r, E). Dow also postulated that virtual exci-

tons might be important at these close separations. Craig & Thirunamachandran
(150) considered virtual excitons in a microscopic theory based on the molecu-
lar QED framework for the influence of the medium on the rate of RET. In this
case, the rate of RET may be either increased or decreased at close donor-acceptor
separations.
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Hsu et al. (151) reported a quantum mechanical model for the medium effects
based on density function theory for the interaction of donor and acceptor transition
densities with solvent. That theory can be employed for arbitrary charge distribu-
tions and separations. The first limiting case examined by Hsu et al. (151)—that of
awell-separated donor-acceptor pair—recovers Equation 33. The relevant limiting
case is their Equation 27 with= 1, whichyields a screening factorbf= 1/¢(w)
= 1/n?. That is because the multipole expansion in Reference 151 is taken of each
transition density, as in our Equation 18, rather than in the coupling, so that the
terms withl > 1 pertain to the charge-dipole, dipole-dipole, etc. terms in Equation
19, not to the usual multipole expansion about the intermolecular separation.

The second limiting case reported by Hsu et al. (151) considers two closely
separated molecules. Then it makes sense to exclude the dielectric medium from a
cavity that encloses both molecules. In that case, the medium can actually enhance
the coupling between the molecules for certain orientations if the molecules are
asymmetrically distributed in the cavity. This can happen owing to the formation
of “mirror” transition dipoles in the dielectric medium. Such a phenomenon has
not been observed, but is reminiscent of the energy transfer between a molecule
and a metal surface (152-154). Tretiak et al. (155) have reported calculations
of electronic couplings between chromophores of the peripheral light-harvesting
antennae of various purple bacteria wherein the medium is accounted for via a self-
consistent reaction field. In that work, a small number of the calculated couplings
in the presence of the medium are increased relative to those same couplings in
the absence of the dielectric medium.

Recently Juzeliunas & Andrews have reported a detailed many-body descrip-
tion of EET based on the QED formalism (156—158), explicitly based on the dipole
approximation. By considering the energy transfer to be mediated by bath polari-
tons (medium-dressed photons), this theory accounts for the modification of the
bare coupling tensor by both screening effects of the medium, as in the discussion
above, but additionally includes local field effects. A widely applicable theory
is derived, which, in the limit of large donor-acceptor separations (i.e., several
molecular diameters), reduces to

D = ¢ [(er +2)/3]%. 34.

Note that this modification of the coupling is different from the usual refractive
index-dependence owing to incorporation of local field effects in the theory. Local
field effects (159) might increase the effective interactions in highly polarizable
media by enhancing the effective transition moments of donor and acceptor.

ELECTRONIC COUPLING AND MOLECULAR EXCITONS

Recently it has emerged that aggregated donor or acceptor molecules behave quan-
titatively and qualitatively differently than predicted by thargtér equation (Equa-

tion 4). Forster-Dexter theory cannot be used in an unmodified form whenever there
are interactions among donor or acceptor molecules that perturb the emission
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or absorption line shapes or dipole strengths. Returning to the concepts raised
by Equations 15 and 16 regarding averaging over the Coulombic interaction be-
tween two transition densities versus averaging over the transition densities first,
then interacting them according to the dipole-dipole approximation, another level
of the dipole approximation is evident for molecular aggregates. Now, even if
we apply the dipole approximation for pairwise interactions, a significant break-
down of the physical picture arises when the dipole approximation is extended to
the donor/acceptor states of an aggregate (160). This is illustrated by some sim-
ple examples in Table 1. Information obtained from spectra always reflects the
most severe dipole approximation because the wavelength of the probing light is
much larger than molecular dimensions, and therefore cannot resolve the details
of aggregated donor-acceptor interactions. In general, when donor and/or acceptor
molecules act collectively because of the way they are assemlaesteFtheory
cannot apply, even though the dipole-dipole approximation may work well for
calculating pairwise donor-acceptor couplings.

Valkunas and coworkers (161) considered such concepts in the calculation of
RET rates between a monomer donor molecule and a large molecular J-aggregate
acceptor. They found that, because the donor interacts most significantly with
only a small part of the J-aggregate, electronic couplings are not proportional to
the oscillator strength of the J-aggregate exciton states. Hence, excitation energy
may be readily accepted into exciton states of the J-aggregate that have no oscil-
lator strength in the optical absorption spectrum. Recently, Sumi (162, 163) and

TABLE 1 Simple examples of the electronic coupfing
between a single donor molecule and an aggregate of
acceptors, showing that the distributed dipole method often
reveals a very different physical picture than that obtained
by the dipole approximatidr(Férster theory)

Distributed dipoles Dipole approximation
— [« —1] — o

V =32 V=20

toI1] r ]

V=25 V=18

V=283 V=5

— [>— «<«] — ®©

V=56 V=20

aThe center-to-center spacing between the molecules in the aggregaﬁ’te is5
and the donor is positioned 2Z0from the center of the aggregate. Transition
moments are set equal, and the couplings are in relative units.

bThe details of the shape and structure of the aggregate, as seen by the donor,
are averaged away by the dipole approximation, the aggregate as seen by
light of wavelength much larger than the size of the aggregate.
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Scholes & Fleming (133, 160, 164) arrived independently at the conclusion that
RET in a molecular aggregate proceeds not via molecular units or their collective
emission/absorption spectra, butvia electronic states. Thus, if themeaokecules

that together make up the donor amcholecules that comprise the acceptor, then
the EET dynamics must be determinedrbyx n electronic couplings. Owing to

the distinct way that each electronic excited state is composed of the molecular
wavefunctions, thesa x n couplings will generally differ from one another.

The challenge was to decide howto reformulate the problemin a general manner.
Thus we introduced the idea of effective donor and acceptor states. The effective
donor stategé} are generated by interacting the donor molecylés in the
absence of the acceptors to provide the set of donor molecular exciton states. The
same is done for the effective acceptor stetes. We then calculate the set of
effective electronic couplings between each pair of molecular exciton donor and
acceptor states. This concept goes hand in hand with the treatment of multiple
electronic states according to their associated multiple spectral overlaps. These
ideas are described in the following section. Accounting correctly for the set of
effective couplings{V;,} and their associated spectral overldgs,} is crucial
in order that the theory automatically reduces to tlesker theory limit when
electronic couplings among the donors and among the acceptors are insignificant
compared with the homogeneous line widths or inhomogeneous broadening.

The breakdown of the dipole approximation at the level of the molecular ag-
gregate is well illustrated by numerical examples. For example, a long-standing
problem was understanding the rate of RET between the accessory bacteriochloro-
phyll pigments and the special pair acceptor in isolated reaction centers from pho-
tosynthetic purple bacteria. On the one hand, the problemdiatét theory is that
dipole-dipole electronic coupling from the accessory bacteriochlorophyll to the
lower, dipole-allowed, exciton state of the special pair produces large results, but
spectral overlap to this band is insufficient to account for the observed RET rate.
On the other hand, spectral overlap is excellent between accessory bacteriochloro-
phyll emission and the upper, dipole-forbidden, exciton transition of the special
pair, but dipole-dipole electronic coupling produces small results. It is revealed
by the generalized dtster theory that in fact the electronic coupling is approxi-
mately equal for coupling to either exciton state (164). Satisfactory quantitative
predictions of the RET were possible for large temperature ranges and for various
species and mutants of the bacteria (164).

Under the assumption of the dipole approximation, the Coulombic coupling
scales with the product of the dipole transition moment of the donor and that of the
acceptor. We expect that such a relationship should break down when the donor
and/or acceptor is a molecular assembly. A useful test is provided by the peripheral
antenna system LH2 of photosynthetic purple bacteria. The donor molecule of the
B80O0 ring is approximately monomer-like, and is locateti8 A away from the
acceptor. The acceptor consists of the 18 bacteriochlorophylls of the B850 ring. We
can therefore explore the BB0O0—B850 coupling relative to the transition moment of
each corresponding B850 electronic state for each of the 18 B850 acceptor states.
Moreover, because each LH2 complexis slightly different spectroscopically, owing
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Figure 5 Comparison of the dipole transition moment of the B850 eigenstate to the elec-
tronic coupling calculated from B800 to that eigenstate of B850 in a number of statistically
disordered LH2 complexes. The dashed line shows the correlation that would be expected
if the dipole-dipole model provided any kind of guide to the magnitude of the coupling.
Obviously there is no correlation.

to site inhomogeneity (133, 142), we can survey a humber of LH2 complexes as
well. The results are plotted in Figure 5. If the dipole-dipole approximation were
to provide some guide as to the magnitude of the electronic couplings between the
B800 donor and the B850 acceptor, then there would be some degree of correlation
between the transition moment of each B850 acceptor state and the B800—B850
electronic coupling, according to the dashed line in Figure 5. We find that there is
actually no correlation at all between these quantities, indicating for this system
that the dipole-dipole approximation provides no useful information about the
energy transfer rate or mechanism.

ENERGY TRANSFER IN MOLECULAR ASSEMBLIES

Recently, we have generalizedrster theory (160) in order to calculate rates of
energy transfer in disordered molecular aggregates (133, 160, 164). We showed
that for an aggregate consistingrafdonor molecules and acceptor molecules,

we can divide the problem into x ninteractions between a set of effective donor
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states and a set of effective acceptor states. Each of these interactions provides a
distinct energy transfer pathway. The ensemble average rate in disordered systems
is calculated by Monte Carlo averaging of the basic rate expression. In the limit that
the interactions between all pairs of molecules are very weak, such that the donor
and acceptor absorption spectra are unperturbed from those of the monomers, then
the energy transfer rate calculated by our theory reduces to a suonstéFrates.

Itisimportantto realize that the modifed#ster theory for molecular aggregates
differs qualitatively from pairwise évster theory. A quantitative discrepancy can
often be obscured by “tweaking” of parameters in the theory, thus forangfér”
theory to fit the problem. It seems that it should be more important to understand the
nature of the problem, which was our motivation for developing a flexible, modified
Forstertheory. Inthat case, one needs to consider carefully the constitution of donor
and acceptor states and how they couple, the associated spectral overlaps, and the
ensemble averaging of microscopic properties to give the observed ensemble rate.
It thus turns out that considering separately the spectral overlap or the electronic
coupling between two states is not very useful. These quantities are associated,
so the key quantities that define the mechanism, and rate, of RET in molecular
aggregates are the set of produgts = |Vse|2Jse (133, 160).

Under the assumption of weak coupling between donors and acceptors (but
not among either donors or acceptors), a general expression for the rate of energy
transfer from a donor aggregate to an acceptor aggregate is given by

27 r
k = = </ de ; Ps |Vse (£4, €212 Jsa (e, &4, sa)> , 35.
) )

€d;€a

whereV;, are the electronic couplings between the effective donor stadesl!
effective acceptor states andeyq ande, represent static offsets from the mean

of the individual donor and acceptor excitation energies. It is emphasized that
both the couplings and the spectral overlaps depend upon disorder. Each elec-
tronic coupling factor is associated with a corresponding spectral overlap factor
Jsa(€, €4, €4). It is assumed that ead¥is, (¢4, £5) does not vary across the en-
ergy spectrum of its correspondidg,(e, €4, £4). Ps is @ normalized Boltzmann
weighting factor for the contribution of to the thermalized donor state; =
expl(es=1 — €5) /KT] / X_s expl(es=1 — &5) /KT]. The angle brackets denote that

an ensemble average is taken over many aggregate units so as to account for static
disorder in the monomer site energies. The spectral overlap betweensands

« is defined in terms of donor and acceptor densities of states,

Jsa (e, €4, £2) = Nog@™M(e, &4, £2)Ns fshom(s, £d, €a)- 36.

Note that eaclis, (¢, g4, £5) IS associated with a corresponding electronic cou-
pling factorVs,(sq, £5) Within the ensemble average. The dependence upon disorder
is assumed to introduce a static offset of the origin, as is usually assumed (165).
Thefo™(e, g4, £5) andall®(e, &4, £2) Specify the donor and acceptor densities of
states (DOS). These DOS represent the emission (absorption) line shape of the
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donor (acceptor), calculated without disorder (hence the superscript “hom”) and
without dipole strengthN; and N, are area normalization constants such that
1/Ns = [;7 de f1°M(e) and YN, = [, deal®™(e).

The foundation of this model is the formulation of the effective donor and
effective acceptor states for the molecular assembly. In general, we can divide
the system into a set dfdonor moleculest, J acceptor molecules;, and, if
presentK bridging moleculedy. The bridging molecules may be involved in
mediating superexchange interactions. The donors are those molecules selected
by optical excitation; the acceptors are the remaining ground-state chromophores.
For simplicity we assume that the overlaps between all these site wavefunctions
are small so tha,, = dmn The Schodinger equation for the system is given by
the secular equations

N
> (Hon— Eém)2n =0, m=12 ...N, 37.

n=1

whereN indexes each of thg J, andK. Here, and in the ensuing discussion,

the dependence of energies and couplings on site energy disorder is assumed
implicitly. If we collect and group the donor, acceptor, and bridge units, then
separately diagonalize each of these blocks, we can write a partitioned matrix of
secular equations in terms of the zeroth-order effective dénacceptowr, and

bridge stateg,

[(Hss —E)As O Hso Ao donor- 7
0 . bridge
HysAs «++ | (Heg — E)Ay O acceptor
- . -bridge =0. 38.
0
donor- acceptor Hgs —E)rg O
bridge -bridge 0

The § anda are the basis for the construction of our theory. When there is no
bridge, we immediately obtain the effective couplingsVgs = Hs.. When the
influence of a bridge needs to be accounted for,\thiecan be obtained either
by iterative solution of the partitioned secular equations as describedvsglih”
(166, 167), or by using the Green'’s function and linear algebraic methods reported
by Evenson & Karplus (168), or by using the configuration mixing method as
employed by Harcourt et al. (92). According to the latter method, the effective
coupling is obtained as a sum of mixing coefficient-weighted donor site—acceptor
site couplings,

VSa = Z Z)\S,m)hu,n(Hnm - E(Snm)v 39.
m n

wherem include the donor sites and the bridge sitethe acceptor sites and the
bridge sites, andl,,,, the couplings between these sites. The coefficigpfsare
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those obtained by solving the donor plus bridge eigenvalue problem,, thare
obtained by solving the acceptor plus bridge eigenvalue problem.

A model calculation of the transition from collective energy transferdrster
RET was reported in Reference 169, where a single donor chromophore interacts
with a small H-aggregate. This calculation shows htd(e) = (3", , [Vsal? s (e))
reveals clearly that the RET is noro#ster—like at center-to-center donor-acceptor
separations of 18 and 20A, but approaches theofster picture at a separation
of 100A (Figure 6). Applications of the theory to photosynthetic antenna systems
have proven to be particularly illuminating (X.J. Jordanides, G.D. Scholes, W.A.
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Figure 6 Model donor-emission spectrum (one molecule) and acceptor-absorption
spectrum (a simple linear H-aggregat®pj. Note that the density of acceptor states
spans the donor emission. The calculawgél(e) is plotted pottor) for donor-acceptor
separations of 18 (dashed curve 20A (dash-dotted curyeand 1004 (solid line).

It is evident thatV|2)(¢) tends to the Brster spectral overlap only at large separations
relative to the size of the aggregate.
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Shapley, J.R. Reimers, G.R. Fleming, unpublished manuscript; 133, 164). That
work is reviewed elsewhere (G.D. Scholes, G.R. Fleming, unpublished manuscript).

SINGLE-MOLECULE STUDIES OF RET

Recent advances in single-molecule fluorescence spectroscopy have led to the re-
alization of single-molecule RET experiments (170a-170e, 176). In two-channel
single-molecule RET experiments, the quenched donor emission and sensitized ac-
ceptor fluorescence are monitored simultaneously, enabling the mapping of donor-
acceptor correlations (170b). An exciting application of single-molecule RET has
been to study structural changes, such as folding, of single proteins. An advantage
of such single-molecule studies over ensemble measurements is that individual
folding processes, which would otherwise be obscured as subpopulations of an
ensemble, can be studied and compared. Histograms of RET efficiencies can be
plotted to compare distributions of donor-acceptor separations that are sampled
during the donor lifetime (170b, 170d). An intriguing possibility for the future
will be to combine single-molecule RET with the technique of single-molecule
fluorescence polarization, developed by Goldman and coworkers (170f). In com-
bination, it would then be possible to monitor the time-evolution of the orientation
factor« in addition to donor-acceptor separation.

RECENT DEVELOPMENTS

Albrecht Ferro & Jonas (171) have investigated the initial anisotropy of a co-
herently excited chromophore pair. They have shown that in pump-probe mea-
surements, ground-state bleaching and excited-state absorption contributions must
be considered in addition to stimulated emission in order to recover the uncou-
pled chromophore limit. This work helps to resolve discrepancies between initial
anisotropies in molecular aggregates measured by fluorescence up-conversion and
transient absorption.

Singlet-singlet energy transfer in a series of coupled chromophores has been
studied by Speiser and coworkers (172). They systematically compared energy
transfer in the bichromophores as a function of chain length, in stretched and
unstretched polymer films. Lokan et al. (173) have reported an observation of
remarkably efficient RET between dimethoxynaphthalene and a dione occurring
through-bond over a distance of A2This work suggests that small chemical and
structural changes can have a significant impact on RET rates and efficiencies.
Adachi et al. (174) describe the use of RET to harvest both singlet and triplet
excitations, thus increasing the efficiency of electroluminescent light emission.
A recent review of FRET applications to protein-DNA complexes has been re-
ported by Hillisch et al. (175). Kang et al. (177) show how RET can increase
the overall quantum yield of a donor-acceptor pair by competing with nonradia-
tive deactivation of a long-lived donor-excited state. Two recent reports (178, 179)
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demonstrate that RET rates can be influenced by photon confinement in an optical
microcavity.

ACKNOWLEDGMENTS

Itis a pleasure to acknowledge the many contributions from, and insightful discus-
sions with, Prof. Graham Fleming, Dr. Xanthipe Jordanides, Prof. Brent Krueger,
Dr. Richard Harcourt, and Prof. Ken Ghiggino. Support of the University of Toronto
and the Natural Sciences and Engineering Research Council of Canada is gratefully
acknowledged.

The Annual Review of Physical Chemistrig online at
http://physchem.annualreviews.org

LITERATURE CITED

1. Forster Th. 1965. Delocalized excitation 10. Forster Th. 1948Ann. Phys2:55-75

and excitation transfer. IModern Quan-

tum Chemistry: Istanbul Lectures. Part

I, Action of Light and Organic Crys-

tals, ed. O. Sinanoglu, pp. 93-137. New

York: Academic

. Knox RS. 1975. Excitation energy trans-

fer and migration: theoretical considera-

tions. In Bioenergetics of Photosynthe-
sis ed. Govindjee, pp. 183-221. New

York: Academic

. Agranovich VM, Galanin MD. 1982.
Electronic Excitation Transfer in Con-
densed MatterAmsterdam: North Hol-
land

. Van Der Meer BW, Coker G, Chen S-
YS. 1994.Resonance Energy Transfer:
Theory and DataNew York: VCH

. Andrews DL, Demidov AA, eds. 1999.
Resonance Energy Transf&@hichester,
UK: Wiley

. Van Amerongen H, Valkunas L, Van
Grondelle R. 2000Photosynthetic Ex-
citons Singapore: World Sci.

. Perrin J. 1925.Conseil de Chimie,
Solvay, 2&m, Paris, 1925pp. 322-98.
Paris: Gauthier & Villar

. Perrin F. 1932Ann. Phys. (Paris)L7:
283-314

. Forster Th. 1946 Naturwissenschaften
33:166-75

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mielczarek E, Knox RS, Greenbaum E,
eds. 1993Biological Physicspp. 148—
160. New York: Am. Inst. Phys. (Trans-
lation of Ref. 10 into English)

Forster Th. 1949Z. Naturforsch. Teil A
4:321-27

Vavilov ACH, Galanin MD. 1949DokI.
Akad. Nauk USSR7:811-18

Franck J, Livingston R. 194Rev. Mod.
Phys.21:505-9

Livingston R. 1957J. Phys. Chenm61:
860-64

Forster Th. 1959Discuss. Faraday Soc.
27:7-17

Galanin MD. 1960Tr. Fiz. Inst. Im N. N.
Lebedeva, Akad. Nauk USSR 3-53
Emerson R, Arnold W. 1932l. Gen.
Physiol.16:191-205

Dutton HJ, Manning WM, Duggar BM.
1943.J. Phys. Chem47:308-13

Arnold W, Oppenheimer JR. 1949.
Gen. Physiol33:423-35

Bannister TT. 1954 rch. Biochem. Bio-
phys.49:222-33

Arnold W, Meek ES. 1956.Arch.
Biochem. Biophy$0:82—-90

Karreman G, Steele RH. 19%iochem.
Biophys.25:280-91

Stryer L. 1978Annu. Rev. Biochem7:
819-46



84

SCHOLES

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. dos Remedios CG, Moens PDJ. 1999.

See Ref. 5, pp. 1-64

Millar DP, Klostermeier D. 200Meth-
0ds23:240-54

Winnik MA, ed. 1986.Photophysical
and Photochemical Tools in Polymer Sci-
ence.Dordrecht: Reidel

Hoyle CA, ed. 1987Photophysics of
Polymers ACS Symp. Ser. 358

Webber SE. 1998lacromol. Sympl43:
359-70

Winnik MA, Pham HH. 1999Macro-
molecules832:7692-95

Winnik MA, Farinha JPS, \oroby-
ova O. 2000Macromolecule83:5863—
73

Farinha JPS, Spiro JG, Winnik MA.
2001. J. Phys. Chem. B105:4879-
88

Birks JB. 1970.Photophysics of Aro-
matic Molecules. London: Wiley-
Intersci.

Van Grondelle R, Dekker JP, Gillbro T,
Sundstom V. 1994.Biochem. Biophys.
Actal187:1-65

Sundswin V, Pullerits T, van Grondelle
R. 1999.J. Phys. Chem. B03:2327—-
46

Ward WW, Cormier MJ. 1978Pho-
tochem. PhotobioR7:389-96

Wilson T, Hastings JW. 1998nnu. Rev.
Cell Dev. Biol.14:197-230

Balzani V, Scandola F. 199Bupra-
molecular PhotochemistryChichester:
Ellis-Horwood

Venturi M, Serroni S, Juris A, Campagna
S, Balzani V. 1998.Top. Curr. Chem.
197:194

Jullien L, Canceill J, Valeur B, Bardez
E, Lefevre JP, et al. 1996. Am. Chem.
So0c.118:5432

Kuciauskas D, Liddell PA, Lin S, John-
son TE, Weghorn SJ, et al. 199B.Am.
Chem. Socl121:8604-14

Donohoe RJ. 1998J. Phys. Chem. B
102:4209-16
Li F, Yang SlI, Ciringh Y, Seth J, Martin

44.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.
57.
58.

59.

60.
61.
van Patten PG, Schreve AP, Lindsey JS, 62.

63.

CH, et al. 1998J. Am. Chem. Sod.20:
10001-17

Wasielewski MR. 1992Chem. Rewl2:
435-61

. Kaschak DM, Lean JT, Waraksa CC,

Saupe GB, Usami H, Mallouk TE. 1999.
J. Am. Chem. S0421:3435-45

. Adronov A, Frechet JMJ. 200@Chem.

Commun18:1701-10

Wohlgenannt M, Graupner W, Wenzel
FP, Tasch S, List EJW, et al. 1998hem.
Phys.227:99-109

Tasch S, List EJW, Hochfilzer C, Leising
G. 1997 .Phy. Rev. B56:4479-83
Buckley AR, Rahn MD, Hill J, Caba-
nillas-Gonzalez J, Fox AM, Bradley
DDC. 2001.Chem. Phys. Let839:331—
36

Dogariu A, Gupta R, Heeger AJ, Wang
H. 1999.Synth. Met100:95-100

Guillet JE, Burke NAD, Nowakowska
M, Reese H, Gravett DM. 199Macro-
mol. Symp98:53-72

Guillet JE. 1985Polymer Photophysics
and PhotochemistryCambridge: Cam-
bridge Univ. Press

Guillet JE. 1996Trends Polym. Sci:
41-46

Guillet JE. 1991Science81:22-28
Anderson RA, Reid RF, Soutar |. 1980.
Eur. Polym. J16:945-50

Phillips D, Rumbles G. 1984olym.
Chem5:153-70

Webber SE. 199@hem. Re00:1469—
82

Ghiggino KP, Smith TA. 199%rog. Re-
act. Kinet.18:375-436

Guillet JE, Huber HX, Scott J. 1992.
In Biodegradable Polymers and Plas-
tics, ed. M Vert, J Feijen, A Albertsson,
G Scott, E Chiellini, pp. 55-70. Cam-
bridge: R. Soc. Chem.

Lin SH. 1971Mol. Phys.21:853-63
Speiser S. 199€hem. Re\96:1953-76
Simpson WT, Peterson DL. 1953.
Chem. Phys26:588-93

Robinson GW, Frosch RP. 1962.
Chem. Phys37:1962-73



RESONANCE ENERGY TRANSFER

85

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Soules TF. 1971Phys. Rev. B3:262—
74

Burshtein KY, Kozhushner MA. 1971.
Solid State Commuii.3:404-9
Agabekyan AS, Melikyan AO. 1972.
Opt. Spectrosc32:153-57

Haken H, Reineker P. 197Z. Phys.
Chem.249:253-68

Rackovsky S, Silbey R. 1978g0l. Phys.
25:61-72

Smith DL. 1975Phys. Lett. A63:271—
72

Sokolov FF, Hizhnyakov VV. 1976.
Phys. Status Solidi B5:669—-76
Jackson B, Silbey R. 1983. Chem.
Phys.78:4193-96

Dexter DL, oister TH, Knox RS. 1969.
Phys. Status Solidi4:K159-63

Kenkre VM, Knox RS. 1974hys. Rev.
B 9:5279-90

Kenkre VM. 1975.Phys. Rev. Bl1:
1741-45

Kenkre VM. 1975.Phys. Rev. Bl12:
2150-60

Chernyak V, Mukamel S. 1996.Chem.
Phys.105:4565—-83

Kakitani T, Kimura A. 1999J. Phys.
Chem. BL03:3720-26

Kimura A, Kakitani T, Yamato T. 2000.
J. Phys. Chem. B04:9276-87

Jang S, Jung Y, Silbey RJ. 20@hem.
Phys.275:319-32

Yang M, Fleming GR. 2002Chem.
Phys.275:355-72

Kihn O, Sundstrh V. 1997.J. Phys.
Chem. BL01:3432—-40

DeMember JR, Filipescu N. 196BAm.
Chem. S0c90:6425-28

Knox RS, van Amerongen H. 2002.
Phys. Chem. B06:5289-93

Yip WT, Levy DH, Kobetic R, Pio-
trowiak P. 1999.J. Phys. Chem103:
10-20

Harcourt RD, Ghiggino KP, Scholes GD,
Steer RP. 1998J. Chem. Phys109:
1310-14

Andrews DL. 1989Chem. Phys135:
195-201

87

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105
106

107.

. Juzelinas G, Andrews DL. 1999. See
Ref. 5, pp. 65-107

Craig DP, Thirunamachandran T. 1998.
Molecular Quantum Electrodynamics.
New York: Dover

Jenkins RD, Andrews DL. 1998.Phys.
Chem. A102:10834-42

Scholes GD, Ghiggino KP. 1991 Phys.
Chem98:4580-90

Dexter DL. 1953J. Chem. Phys21:
836-50

Harcourt RD, Scholes GD, Ghiggino KP.
1994.J. Chem. Physl01:10521-25
Scholes GD, Harcourt RD, Ghiggino KP.
1995.J. Chem. Physl02:9574-81
Nagvi KR, Steel C. 197@hem. Phys.
Lett.6:29-32

Hassoon S, Lustig H, Rubin MB, Speiser
S. 1984.J. Phys. ChenB8:6367—-74
Markovitsi D, Marguet S, Gallos LK, Si-
gal H, Millie P, et al. 1999Chem. Phys.
Lett. 306:163-67

Hsu CP, Walla PJ, Head-Gordon M,
Fleming GR. 2001J. Phys. Chem. B
105:11016-25

Kallmann H, London F. 192%. Phys.
Chem2:207-43

McWeeny R. 1992Methods of Molecu-
lar Quantum Mechanicd.ondon: Aca-
demic

Krueger BP, Scholes GD, Fleming GR.
1998.J. Phys. Chem. B02:5378-86
London F. 19421. Phys. Chent6:305—
16

Czikklely V, Forsterling HD, Kuhn H.
1970.Chem. Phys. Let6:207-10
Beljonne D, Cornil J, Silbey R, Miti"
P, Brédas JL. 200Q]. Chem. Physl12:
4749-58

Beljonne D, Pourtois G, Silva C, Hen-
nebicq E, Herz LM, et al. 200Proc.
Natl. Acad. Sci. USA99:10982-87

. Deleted in proof

. Sternlicht H, Nieman GC, Robinson
GW. 1963.J. Chem. Phys38:1326—
35

Colson SD, Robinson GW. 1968.
Chem. Phys48:2550-56



86

SCHOLES

108

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126

. McConnell HM. 1961J. Chem. Phys.
35:508-15

Newton MD. 1991Chem. Re\W01:767—
92

Jordan KD, Paddon-Row MN. 1992.
Chem. Re\02:395-410

Kilsd K, Kajanus J, Mftensson J, Al-
binsson B. 1999J. Phys. Chem. B03:
7329-39

Closs GL, Piotrowiak P, Maclnnes JM,
Fleming GR. 1988J. Am. Chem. Soc.
110:2652

Scholes GD, Ghiggino KP, Oliver AM,
Paddon-Row MN. 1993]. Am. Chem.
Soc.115:4345-49

Scholes GD, Ghiggino KP, Oliver AM,
Paddon-Row MN. 19931. Phys. Chem.
97:11871-76

KP, Paddon-Row MN, Piet JJ, et al.
1998. Chem. Phys. Lett.292:601—
6

Paddon-Row MN. 19991. Phys. Chem.
A 103:6517-24

Gust D, Moore TA, Moore AL, Devadoss
C, Liddell PA, et al. 1992J. Am. Chem.
So0c.114:3591-602

bioni E, Balzani V. 1999J. Am. Chem.
Soc.121:4207-14

Scholes GD, Harcourt RD. 1998.
Chem. Phys104:5054-61

Robinson GW. 1967J. Chem. Phys.
46:572-85

McGlynn SP, Azumi T, Kinoshita M.

1969. Molecular Spectroscopy of the 141.

Triplet State. Englewood Cliffs, NJ:
Prentice-Hall

Ermolaev VL. 19590pt. Spektrosk6:
642-47

Speiser S, Hassoon S, Rubin MB. 1986.
J. Phys. Chen90:5085-89

Damjanovic A, Ritz T, Schulten K. 1999.
Phys. Rev. 59:3293-311

43
. Clayton AHA, Scholes GD, Ghiggino 145

127.

128.

129.

130.

131.
132.
Scholes GD, Turner GO, Ghiggino 133.
134.
Yeow EKL, Haines DJ, Ghiggino KP, 135.
136.
137.

Schlicke B, Belser P, De Cola L, Sab- 138.

139.

140.

142.

143.

Scholes GD. 1999. See Ref. 5, pp. 212-144.

KP, Paddon-Row MN. 1996J. Phys.
Chem.100:10912-18

Oevering H, Verhoeven J, Paddon-Row
MN, Cotsaris E, Hush NS. 1988hem.
Phys. Lett143:488-95

Grosshenny V, Harriman A, Ziessel R.
1995. Angew. Chem. Int. Ed. Engd4:
1100-2

Harriman A, Khatyr A, Ziessel R, Ben-
niston AC. 2000Angew. Chem. Int. Ed.
Engl.39:4287-90

Andgasson J, Kajanus J,avtensson J,
Albinsson B. 2000J. Am. Chem. Soc.
122:9844-45

Klan P, Wagner PJ. 1998. Am. Chem.
So0c.120:2198-99

Nagvi KR. 1981.J. Phys. Chem85:
2303-4

Scholes GD, Fleming GR. 20Q0Phys.
Chem. BL04:1853-68

Agabekyan AS. 197@pt. Spectrosc.
29:37-40

Agabekyan AS. 19710pt. Spectrosc.
30:247-50

Bodunov EN, Malyshev VA. 197@Qpt.
Spectrosc46:271-75

Pullerits T, Freiberg A. 1991Chem.
Phys.149:409-18

Beauregard M, Martin |, Holzwarth AR.
1991. Biochem. Biophys. Actd060:
271-83

Pullerits T, Freiberg A. 199Biophys. J.
63:879-96

Pullerits T, Visscher KJ, Hess S, Sund-
stréim V, Freiberg A, etal. 1994&iophys.
J.66:236-48

Hess S, Akesson E, Cogdell RJ, Puller-
its T, Sundstoim V. 1995 Biophys. J69:
2211-25

Jimenez R, Dikshit SN, Bradforth SE,
Fleming GR. 1996J. Phys. Chenil00:
6825-34

Bradforth SE, Jimenez R, van Mourik F,
van Grondelle R, Fleming GR. 1995.
Phys. Chem99:16179-91

Jean JM, Chan CK, Fleming GR. 1988.
Isr. J. Chem28:169-75

. Agarwal R, Krueger BP, Scholes GD,



RESONANCE ENERGY TRANSFER

87

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.
163.

164.

165.

Yang M, Yom J, et al. 2000J. Phys.
Chem. BL04:2908-17

Yeow KL, Ghiggino KP. 2000]. Phys.
Chem. AL04:5825-36

Yang M, Fleming GR. 200Ql. Chem.
Phys.113:2823-40

Agarwal R, Yang M, Xu Q, Fleming
GR. 2001J. Phys. Chem. B05:1887—
94

Dow JD. 1968Phys. Rev174:962—76
Craig DP, Thirunachandran T. 1989.
Chem. Physl135:37-48

Hsu C, Fleming GR, Head-Gordon M,
Head-Gordon T. 2001J. Chem. Phys.
114:3065-72

Chance RR, Prock A, Silbey R. 1975.
Chem. Phys62:2245-53

Chance RR, Prock A, Silbey R. 1976.
Chem. Phys65:2527-31

Kurczewska H, 8ssler H. 1977J. Lu-
min.15:261-66

Tretiak S, Middleton C, Chernyak V, 170f.

Mukamel S. 2000J. Phys. Chem. B
104:9540-53

Juzelinas G, Andrews DL. 1994hys.
Rev. B49:8751-63

Juzelinas G, Andrews DL. 199£hys.
Rev. B50:13371-78

Andrews DL, Juzadlinas G. 1994J. Lu-
min.60/61:834-37

Lorentz HA. 1909The Theory of Elec-
trons Leipzig: Teubner

Scholes GD, Jordanides XJ, Fleming
GR. 2001J. Phys. Chem. B05:1640—
51

Valkunas L, Kudzmauskas S, Juaahis
G. 1985.Sov. Phys. Coll25:41-46
Sumi H. 2001Chem. Recl:480-93
Sumi H. 1999J. Phys. Chem. B03:
252-60

Jordanides XJ, Scholes GD, Fleming178.

GR. 2001J. Phys. Chem. B05: 1652—
69

Fidder H, Knoester J, Wiersma DA. 179.

1991.J. Chem. Phy<95:7880-90

166.

167.

168.

169.

171.

172.

173.

174.

175.

176.

177.

Lowdin PO. 1951.J. Chem. Phys19:
1396-1401

Lowdin PO. 1963Mol. Spectroscl0:
12-33

Evenson JW, Karplus M. 1992.Chem.
Phys.96:5272-78

Scholes GD. 2002Chem. Phys275:
373-86

170a. Deniz AA, Dahan M, Grunwell JR, Ha

T, Faulhaber AE, et al. 199®roc. Natl.
Acad. Sci. USR6:3670-75

170b. Talaga DS, Lau WL, Roder H, Tang J,

Jia 'y, et al. 2000Proc. Natl. Acad. Sci.
USA97:13021-26

170c. Weiss S. 200(Nature Struct. Biol.7:

724-29

170d. Deniz AA, Laurence TA, Dahan M,

Chemla DS, Schultz PG, Weiss S. 2001.
Annu. Rev. Phys. Chei52:233-53

170e. Schuler B, Lipman EA, Eaton WA. 2002.

Nature419:743-47

Forkey JN, Quinlan ME, Goldman YE.
2000.Prog. Biophys. Mol. Biol74:1-35
Albrecht Ferro A, Jonas DM. 2001.
Chem. Physl115:6281-84

Hasegawa M, Enomoto S, Hoshi T,
Igarashi KK, Yamazaki T, et al. 2002.
J. Phys. Chem. B06:4925-32

Lokan N, Paddon-Row MN, Smith TA,
La Rosa M, Ghiggino KP, Speiser S.
1999.J. Am. Chem. S0421:2917-18
Adachi C, Kwong RC, Djurovich P,
Adamovich V, Baldo MA, et al. 2001.
Appl. Phys. Lett79:2082—-84

Hillisch A, Lorenz M, Diekmann S.
2001.Curr. Opin. Struct. Biol11:201-7
Ha T. 2001.Curr. Opin. Struct. Biol.
11:287-92

Kang JS, Piszczek G, Lakowicz JR.
2002.J. Fluorescencéd2:97-103
Hopmeier M, Guss W, Deussen M,
Ga6bel EO, Mahrt RF. 199%hys. Rev.
Lett.82:4118-21

Andrew P, Barnes WL. 200&cience
290:785-88



