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The theory of Forster resonance energy transfer is generalized for multichromophoric (MC) and
nonequilibrium situations. For the first time, it is clarified that the far-field linear spectroscopic
information is insufficient for the determination of the reaction rate and that distance dependence of
the rate can vary with the disorder and temperature. Application to a light harvesting complex LH2
reveals the important consequences of a MC structure.
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Recent advances in single molecule spectroscopy of
multichromophoric (MC) systems such as the light har-
vesting complex LH2 [1-3] strongly suggest that the
description of dynamical processes in these systems
have to be reexamined. The most important of these
dynamical processes is FRET (Forster resonance energy
transfer) which has become the biological ruler for the
20-100 A range distance determinations in molecules
such as DNA [4] and proteins [5]. The original theory
of FRET [6-8], developed more than 50 years ago,
considered the transfer of electronic excitation energy
from a single chromophoric donor (D) to a single chro-
mophoric acceptor (A) (or to an ensemble of independent
A’s). Application of this theory to large MC systems
requires significant changes in the theory, some of which
have appeared in recent years by Sumi et al [9,10] and
Scholes et al. [11,12]. These theories, however, are not
general enough to provide reliable guidance of experi-
ments in all possible situations. In this Letter, we present
such a generalization, discuss important new character-
istics of MC-FRET for the first time, and apply the theory
to an important energy transfer process in LH2.

In MC systems, D (and/or A) consists of multiple
chromophores, which are intimately coupled together to
form excitonic states. Light harvesting complexes [1-
3,13], proteins with multiple tryptophans nearby [8],
dendrimers [14], conjugated polymers [15], and quantum
dot arrays [16] have these characteristics. Therefore,
understanding the dynamics of excitation energetics in
MC systems is a crucial problem for quantitative descrip-
tion of photosynthetic light harvesting processes, for
structural determination of a broader range of protein
systems, and for better design of optoelectronic devices
based on nanostructured materials. By nature or design,
many MC systems have well-defined D and A sites, where
inter—D-A chromophore distances are larger than intra-D
and intra-A chromophore distances. Experimental data
[13-16] demonstrate that the energy transfer processes
in these systems exhibit rate behaviors which are sugges-
tive of FRET or its multipolar generalizations [6—8].
However, applications of existing single chromophoric
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theories to these MC systems can lead to significant errors
due to the fact that the D-A distances are not large enough
to justify point dipole or multipole approximation for the
transitions in D and A, and that the transfer involves more
than one pair of excitations or exciton states. Indeed, for
the energy transfer from the B80O0 unit to the B850 unit in
LH2 [13], experimental estimates of the rate are about 5—
10 times larger than the prediction of single chromo-
phoric FRET theory [13,17]. Mukai, Abe, and Sumi
(MAS) [9,10] and Scholes and Fleming (SF) [11,12]
independently attributed the discrepancy to contributions
from dark exciton states of B850. Our theory includes the
MAS-SF theory [9,12] as a limiting case, and we present
simulation results that uncover an important microscopic
feature of the B800 — B850 energy transfer dynamics.

According to the single chromophoric FRET theory
[6—8], the energy transfer rate from D to A, assuming
immobile transition moments, is given by

P [
b= [ doBp@i@., o

where J is the transition dipole-dipole coupling between
D and A, depending on the inverse third power of the D-A
distance, and

ED(w) = f dl€_iwt<€iHlE)t/ﬁ€_in)l/h>pf), (2)

IA((U) / dt eiwt<€iHi,/h€_ngt/ﬁ>pi, (3)

where HY, (H%) is the ground state Hamiltonian of D (A)
plus its environment, Hj, (H§) is the excited state
Hamiltonian of D (A) plus its environment, and (- - -),
(¢ ->p§) denotes averaging over p$, (p%)—the canonical
density operator for H, (H%). The simple spectral overlap
expression in Eq. (1), a central feature of the theory for
spectroscopic rate determination, relies on the assump-
tion that no given degree of freedom couples to both D
and A. Appropriate formulation of this assumption is
necessary for the following MC situation.
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Let us consider MC systems where D and A consist of
D;(j=1,...,Np)and Ay (k=1,..., Ny). We suppose
the following forms of exciton Hamiltonians:

Hp = Z en,IDXD;1 + S AP ID XD, @)
J#i'
Hj = Z €4, |AAL] + Z Akk,lAkXAk, l, (5)

k#k'

where €), (€,,) is the energy of the excitation state |D;)
(1A, and AL g’ (AA )) is the electronic coupling between
|D;) and |D; §j(|Ak) and |Ay)). All other degrees of free-
dom except for the above electronic states will be termed
as bath hereafter. If each |D ;) is coupled to a bath operator
BD , the total Hamlltoman for excited D, Hp, = Hp,, +
Z 1 Bp, |D;XD;| + H},. L1kew1se the total Hamiltonian
for excited A HA HAO + S0 By JAKAL + HS. The
assumption that no given bath mode couples to both D
and A can be imposed by the following conditions:
[H3, Hﬁ] = [H}, B4, | = [HS, Bp 1= 0. Otherwise, Bp,
BAA, HE p» and Hg are arbitrary. For the present MC s1tu-
ation, Np X N 4 terms contribute to the coupling
Hamiltonian, H, = 27”1 Na Ji(ID XAl + 1AXD; ),
where Jj is the trans1t10n dlpole dipole interaction
between D; and A;. Even if each jk pair satisfies all
the requirements for the use of Eq. (1), the incoherent
sum of the analog of Eq. (1) for each pair is not in general
valid because it neglects intra-D and intra-A quantum
coherence.

We derive a MC generalization of Eq. (1), which also
accounts for nonequilibrium effects, by adapting to the
MC system described above a formalism that has recently
been developed for a single chromophoric situation [18].
Initially (for r < 0), the total system is in the ground state
canonical equilibrium represented by p$,p%. If impulsive
radiation that selectively excites D is applied at t = 0, the
total density operator becomes p(0) = |DgXDg¢lp$ph.
with [Dg) = N'€ -3 ;up |[D;), where N is a normaliza-
tion constant, € is the polarlzatlon vector of the radiation,
and pp, is the transition dipole of |D;). The probability
for the acceptor molecule to be excited at time ¢ is then
given by Pa(r) = 334, Tr{(Agle 11/ p(0)e ™1/ | A},
where Tr denotes the trace over all the bath degrees of
freedom and H = Hj + H{ + H...

Expanding P4(¢) up to the second order of H,, taking
its time derivative, and employing the identity
> JAALL HS, + HS] = 0, we obtain

kMC( ) ZZZI /k"] il el

/ // kl k//

4 7 e /
xRe[j dt' Tr{(Ay | Ho /AL XD o
0

% e*i(H;")+H§)t’/7!p(())e"(Hi)*Hi)t/h|Dj/>}:|. (6)

218301-2

We define a matrix I4(w) with the following components:

K (w) = f dt e’
X Tryfe s/ Aple it MAw)ps},  (7)
where Tr, denotes the trace over all the bath degrees of
freedom for A. Inserting the inverse Fourier transform of

Egq. (7) into Eq. (6), one can obtain the following compact
expression for the MC and nonequilibrium FRET [19]:

kMC(t) — Z Z

j/]// k/kl/

! /J 1110 o sl 10
2" ﬁz" f do ELN (1, 0)IXF (0), (8)

with
01 s t .y . /
E}’ (t,w)=2Re[ﬁ)dt’e"“” TrD{e_’Hf)’/h(Djl
X &~ H5 1= /1 DY Dg| o Mo |Dj,>}},

®

where Trp denotes the trace over all the bath degrees of
freedom for D. Within the cumulant approximation
and in the absence of back reaction, P,(t) = 1 — Pp(r) =
1 —e f:)diMC(T).

Equation (8) is the major result of the present Letter,
and includes other existing theories as limiting cases. For
example, the single chromophoric nonequilibrium theory
[18] is recovered when Np, Ny = 1. The stationary
MC-FRET expression is obtained from Eq. (8), taking
the limit fr— oo, and assuming the ergodicity,
1i1’1’1, zH;,(t t/)/th ><D |p etH“(t N/ — P in
Eq. (9) The resulting expression is

CEED I

/ 1 k!k(/

5/ /J 00 Sy 15
J'k k I
Ll ] do B (@) (@), (10)

where we have defined a matrix E(w) with components

E{)Hjl(w) — f dte—iot
X Trpl{e Mo/(D u|eo/" pg | D)} (11)

The rate expression derived by Sumi [10] is equivalent to
Eq. (10). Additional approximations for some quantum
coherence terms lead to the expression of MAS-SF [9,12].
New features become notable in the MC-FRET, according
to Eq. (10), even at the stationary limit. We discuss the two
most important issues [(i) and (ii) below].

(1) Information on the far-field linear spectroscopic
line shape is insufficient for the determination of the
MC-FRET rate in general. The reason is that the far-field
emission and absorption spectra, even in the absence
of ensemble disorder, are given by E(w) = PN RACK
Mo, )@ mp JEY (@) and [4(0) = Yy (@ iy, )@
MAA//)Ika (a)) where p, and p,, respectively, are tran-
sition dipoles of |D ) and |A,). Except for dimeric D and
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A, these weighted sums (three or less terms in each case)
cannot convey the full information on Ep(w) and I4(w)
necessary for the calculation of Eq. (10). Nonlinear spec-
troscopic experiments [12] or theoretical data based on,
e.g., semiempirical calculations [20] or time dependent
density functional approaches [21], can in principle be
used to obtain the missing information, but, in practice,
they are not definitive. Whether a near-field probe method
can be developed for general determination of the MC-
FRET rate, through its capability to control other spec-
troscopic variables beyond polarization vectors, is an
interesting issue to pursue.

(i) The distance dependence of MC-FRET can vary
with disorder and temperature. This temperature varia-
tion should be taken into account when temperature de-
pendent structural changes of a MC system are studied by
FRET. The reason becomes clear considering that each
coefficient of JypJ e in Eq. (10) depends on the disorder
and temperature in a different manner. Stated more physi-
cally, the disorder affects the spatial and energetic nature
of exciton states, and temperature alters the relative pop-
ulations of different exciton states and their mutual
coherence. Therefore, effective “sizes” of respective ex-
citons in D and A, which determine the distance depen-
dence, vary with a specific realization of the disorder and
temperature. For an illustration, we consider the follow-
ing model of single chromophoric D and dimeric A. The
zeroth order exciton Hamiltonians are Hf,, = ep|D)XD|
and  Hj, = €,|A XAl + €glAgiAgl + A(|A)XAgl +
|Ag)XAgl). The total exciton Hamiltonians including
baths are Hj, = Hj,+ Bp|DXD| + H}, and H§ =
H, + BalAC,)(AaI + BglAgXAg| + HS. All the bath
modes are represented by harmonic oscillators such that
HS + HS =3 ho,(blb, + 1/2). The coupling terms
are BD ZnﬁgnD(b + b ) B Znhgna(b + bT)
and Bg = > hig,z(b, + bl). The spectral densities are
given by >, 6(w — a),,)gnD 0.1(w + 0.50%/ 0, )e @/
and Z_n(s(w - wn)gna Zna(w n)gnﬂ 0. 5((1) +
0.5w%/w,)e” /<. Each mode is coupled to a single ex-
citation state only. The magnitudes of transition dipoles
are denoted as up, for D, and w,, for A, and AB'
Figure 1(a) shows the orientations of these transition di-
poles. In all the calculations, we set ¢ = 77/4, and use
units where i = w, = d = 1. The refractive index is
assumed to be unity, and the intra-A electronic interaction
A is calculated assuming uj = 1/2. We consider two
energetic situations, €, —2 = €, = €g (Case 1), €p —
2=¢€,+1=€g— 1 (Casell), and, for each case, two
values of temperature, kg7 = 0.1 (LT) and kT =
(HT). The MC-FRET rate from D to A is calculated
employing Eq. (10), where Ep(w) is determined by nu-
merical fast Fourier transform, and calculation of I4(w)
is made by a second order quantum master equation
approach [22]. Figure 1(b) shows the values of « =
KMCR®/(u3 u3) with the variation of R. The deviation
from 1/R® behavior in each case demonstrates breakdown
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FIG. 1 (color online).  (a) Transition dipoles of D, A,, and Ag.
All the vectors and coordinates are in the same plane.
(b) Values of k = KMCR®/(u? u2) vs R, for Cases I and 11, at
kgT = 0.1 (LT) and kgT =1 (HT). (¢) Comparison of the
expression of MAS-SF with Eq. (10), for Case II at kzT = 0.1.

of dipole approximation as has been shown to be typical
for many MC systems [11]. The main point of this calcu-
lation, however, is that the manner of deviation indeed
depends on a specific realization of disorder and tempera-
ture as stated above.

While the original rate expression of Sumi [10] is
equivalent to Eq. (10), ensuing applications by him and
MAS [9,10] assumed that Ej(w) and I,(w) are diagonal
in the excitonic bases—the sets of eigenstates of Hy, , and
HY . SF [12] made the same assumption. Since Eq. (10) is
invariant with the choice of basis set, the excitonic bases
of D and A can always be used for the rate expression.
However, in general, Ep(w) and I,(w) are nondiagonal
even in the excitonic bases because Hj, (H{) does not
commute with Hp,  (Hj o). Therefore, the expression of
MAS-SF [9,12], which neglects coherence terms in the
excitonic bases, is valid only when the exciton-bath cou-
plings are weak enough or diagonal in the excitonic
bases. We have compared the expression of MAS-SF
with Eq. (10) for the model of Fig. 1(a) at kg7 = 0.1.
We have found that the approximation of MAS-SF is
accurate enough for Case I (not shown), but leads to
substantial error for Case II, as shown in Fig. 1(c). This
result demonstrates that consideration of all the coherence
terms is important, especially when the disorder is com-
parable to the exciton-bath coupling.

We now apply the present theory to the calculation of
the B800 — B850 energy transfer rate within a single
LH2. For the B850 unit, with 18 bacteriochlorophylls
(BChls), we use an exciton-bath Hamiltonian [22].
Only one BChl is considered in the B800 unit [23].
Figure 2(a) shows the distributions of rates at kzT =

10 cm™!, determined from an ensemble of 100000
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FIG. 2 (color online). (a) Distributions of FRET rates. The
scale factor Sy, assuming unit refractzve index, is 109/:“43011 in
the units where i=c =1 and 1 A is the unit length. In
applying Eq. (1), a unit orientational factor and the shortest
BChlggyo-BChlggsy distance were used. The vertical scale of the
distribution for Eq. (1) has been reduced by a factor of 7. (b)
Logarithmic populations. [Pp(2)],, = {exp(—k?)) and k,, =
(3,

realizations of disorder [24]. The calculated MC-FRET
rates are substantially larger than single chromophoric
FRET rates, and the degree of enhancement is comparable
to that observed experimentally [17]. The approximation
of MAS-SE which neglects coherence terms in the exci-
tonic basis, turns out to be reasonably good for the present
system, but still results in a small underestimation of
Eq. (10). The distribution of the MC-FRET rates is very
broad. The resulting ensemble averaged population decay
of the excited D, assuming no back reaction [25], is far
Jrom exponential. This is contrary to the previous as-
sumption of exponential decay [9,12], and indicates that
care should be taken in the interpretation of multiexpo-
nential fittings of pump-probe data. A future study that
includes nonequilibrium effects in Eq. (8) and employs
more systematic modeling of the B80O unit can provide
better quantitative explanation of relevant experimental
results.

In summary, we have presented a MC-FRET theory
applicable to a wide range of systems [1-3,8,13-16]. We
have addressed two important issues unique for MC sys-
tems, (i) and (ii), which should be recognized in any
spectroscopic attempt to determine the rate and to obtain
distance information. Application to the B800 — B850
energy transfer process has provided new evidence for
very efficient and dispersive energy transfer dynamics
caused by the MC effects. The present Letter reveals
complexity hidden in a seemingly simple rate behavior,
even without consideration of other prominent issues such
as common mode effects, dynamic orientation factors,
and local field corrections [7,8,11], but, on the other hand,
suggests a new possibility that the FRET rate in MC
systems can be controlled solely by the arrangement of
chromophores.

This work was supported by Contract No. DE-AC02-
98CH10886 with the U.S. Department of Energy and by

218301-4

its Division of Chemical Sciences, Office of Basic Energy
Sciences (S.J., M. D. N.), and by the NSF (R.]. S.).

(1]
(2]
(3]

(4]
(51

(7]

(8]

(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
(18]

[19]
[20]
(21]

(22]
(23]

(24]

[25]

*Author to whom correspondence should be addressed.
Electronic address: sjang@bnl.gov

C. Hofmann et al., Phys. Rev. Lett. 90, 013004 (2003).
A. M. vanQOjien et al., Science 285, 400 (1999).

M. A. Bopp et al., Proc. Natl. Acad. Sci. U.S.A. 96, 11271
(1999).

T. Ha and J. Xu, Phys. Rev. Lett. 90, 223002 (2003).

E. A. Lipman, B. Schuler, O. Bakajin, and W. A. Eaton,
Science 301, 1233 (2003).

Th. Forster, in Modern Quantum Chemistry, Pt III,
edited by O. Sinanoglu (Academic, New York, 1965).
V.M. Agranovich and M.D. Galanin, Electronic
Excitation Energy Transfer in Condensed Matter
(North-Holland, Amsterdam, 1982).

Resonance Energy Transfer, edited by D. L. Andrews and
A. A. Demidov (Wiley, Chichester, 1999).

K. Mukai, S. Abe, and H. Sumi, J. Phys. Chem. B 103,
6096 (1999).

H. Sumi, J. Phys. Chem. B 103, 252 (1999).

G. D. Scholes, Annu. Rev. Phys. Chem. 54, 57 (2003).
G. D. Scholes and G. R. Fleming, J. Phys. Chem. B 104,
1854 (2000).

X. Hu et al., Q. Rev. Biophys. 35, 1 (2002).

O. Varnavski et al., J. Chem. Phys. 116, 8893 (2002).
T.-Q. Nguyen et al., Science 288, 652 (2000).

S. A. Crooker, J. A. Hollingsworth, S. Tretiak, and V.1
Klimov, Phys. Rev. Lett. 89, 186802 (2002).

J. L. Herek et al., Biophys. J. 78, 2590 (2000).

S. Jang, Y. Jung, and R.J. Silbey, Chem. Phys. 275, 319
(2002).

Extension of this result for a pulse with finite time
duration is straightforward.

M. A. Thompson, M.C. Zerner, and J. Fajer, J. Phys.
Chem. 95, 5693 (1991).

C.-P. Hsu, G. R. Fleming, M. Head-Gordon, and T. Head-
Gordon, J. Chem. Phys. 114, 3065 (2001).

S. Jang and R. J. Silbey, J. Chem. Phys. 118, 9324 (2003).
The configuration of BChlggy, was determined from
Table I of B.P. Kruger, G.D. Scholes, and G.R.
Fleming, J. Phys. Chem. B 102, 5378 (1998). The average
excitation energy of BChlggy, is 260 cm™! higher than
that of BChlggso. The bath spectral density of Ref. [22]
was employed for BChlggg,, with the coupling strength
0.7 times that for BChlggsg.

Based on a fit to an unpublished ensemble line shape for a
mutant of Rhodobacter sphaeroides from the Volker
group, we chose Gaussian energetic disorder with the
following standard deviations: 250 cm™! (BChlggs ex-
citation energy); 40 cm~! (B850 ground state energy);
54 cm™! (BChlgg, excitation energy).

Because of the large energy difference between the B800
and B850 bands compared to kz7 = 10 cm™! and the
spectral range of the bath, the contribution of back
reaction is expected to be minor for the present system.

218301-4



