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Resonant energy transfer by dipolar coupling is generally regarded as occurring through two distinct mechanisms. One mecha-
nism is radiative transfer, in which a photon is emitted by the donor molecule and is subsequently absorbed by an acceptor species.
The other mechanism is mediated by a radiationless Coulombic intermolecular interaction. Whilst both the radiative and radia-
tionless mechanisms require an overlap between the emission spectrum of the donor and the absorption spectrum of the acceptor,
distinctions are usually drawn between other mechanistic features. However, by developing a fully quantum electrodynamical
treatment of the radiationless process, it can be shown that Frster’s result arises as the short-range limit of a more general dipole-
dipole interaction based on virtual photon coupling. At large separations R, retardation effects modify the form of the usual R —¢
distance dependence to R 2, and the result can be identified with the classical result for radiative transfer. Hence the radiative
and radiationless mechanisms for energy transfer must be regarded as indistinguishable.

1. Introduction

The migration of energy by intermolecular energy
transfer is a highly significant feature of ultrafast
photochemistry in the condensed phase. Donor mol-
ecules initially excited by photoabsorption can trans-
fer energy to neighbouring acceptor molecules by a
variety of mechanisms. For molecules separated by
sub-nanometer distances, a direct energy exchange
resulting from wavefunction overlap can occur, and
is characterised by a negative exponential depen-
dence on the separation R. At larger distances when
wavefunction overlap is essentially negligible, the
dominant processes for resonant energy transfer are
radiative transfer, in which a photon is emitted by
the donor and is subsequently absorbed by an accep-
tor species, and a radiationless Coulombic intermo-
lecular interaction. Both of these processes are nor-
mally associated with dipolar coupling, and play a
significant role in the dynamics of energy trapping in
the photosynthetic unit.

Whilst both of these resonant coupling mecha-
nisms require an overlap between the emission spec-
trum of the donor and the absorption spectrum of the
acceptor, distinctions are usually drawn between other
mechanistic features. These have recently been dis-

cussed by Bernard et al. [1], and can be summarised
in the statement that the radiative mechanism in-
volves the emission and absorption of transverse
photons with two independent polarisation compo-
nents, whilst the Coulombic mechanism is mediated
by a longitudinal interaction which does not involve
transverse photons. Forster’s phenomenological
treatment of the radiationless mechanism for energy
transfer first provided the now well-known result that
for dipolar coupling the rate of transfer has an R —¢
dependence [2]. A later quantum mechanical treat-
ment, also due to Forster produced the same result
[3]. It is now widely accepted that R ~5 behaviour
applies generally, except in cases of large molecules
separated by comparatively short distances [4].

It is the purpose of this paper to show that the ra-
diative and radiationless energy transfer mecha-
nisms are, in fact, equivalent. This is demonstrated
by a detailed treatment of the two processes using
well-established quantum electrodynamical methods
[5]. In particular, it is shown that Forster’s result
arises as the short-range limit of a more general di-
pole-dipole interaction based on virtual photon cou-
pling. The term “virtual™ arises because such pho-
tons cannot be observed, their role being similar to
that of the virtual molecular states involved in the
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description of scattering processes [6]. At large sep-
arations, retardation effects modify the form of the
R~ distance dependence to R ~2, and the result can
be identified with the classical result for radiative
transfer. Hence the radiative and radiationless mech-
anisms for energy transfer must be regarded as
indistinguishable.

2. Quantum electrodynamical formulation of the
theory

To begin, the quantum electrodynamical Hamil-
tonian for a system comprising a single donor mole-
cule (D) and a single acceptor molecule (A), cou-
pled to the radiation field by dipolar coupling, can be
written as follows:

H=Hanl+H¢nol+Hgt+H§xt+Hmda (1)

where H2, and HZ2, are the usual unperturbed
Schridinger operators for molecules D and A. HD,
and H2, are the dipolar interaction operators

Hpy= —¢5'u#P-d* (Rp),
Hi=—¢5'p*-d*(Ry), 2)

and H..4 15 the radiation Hamiltonian
Hmd=%J (e51d*+eoc?b?) dr . (3)

Here g°, u* are the dipole moment operators for
molecules D, A located at Rp, R, and b, d* represent
the magnetic field and transverse electric displace-
ment operators for the radiation field. The latter has
the mode expansion

1/2
d+(r)= Z (-h-%%g)

kA
X ife®M (k)a'® (k) exp(ik*r)
—&P (kya*® (k) exp(~ik-r)], (4)

where 2'¥? (k) and a ™ (k) are respectively the an-
nihilation and creation operators for a radiation mode
with wave vector k (frequency w=ck) and polarisa-
tion vector e ) (k); ¥ is the quantisation volume.
The probability amplitudes M, for emission and
absorption processes can both be derived from the

leading first-order term in the time-dependent per-
turbation series

My = (flHi | 1>

+ Zr: <ﬂffimg>—<;jﬂim“>%m’

(3)

where |i) and |/> denote initial and final states; the
probability amplitude for energy transfer mediated
by virtual photon exchange results from the second-
order term in eq. {5). The time-ordered diagrams
corresponding to each pracess are shown in fig. 1: (a)
and (b) represent emission and absorption, respec-
tively, and both (¢) and (d) together contribute to
virtual photon exchange. In fig. 1c for example as time
progresses upwards, the initial state of the system is
represented by having the donor molecule in an ex-
cited state |m) and the acceptor in the ground state
{10>. Emission of a virtual photon with wave vector
& and polarisation vector & then takes place, by means
of which the donor returns to its ground state. Fi-
nally, the virtual photon is absorbed by the acceptor,
which is thereby promoted to the state | m); for sim-~
plicity it is assumed that the donor and acceptor are
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Fig. 1. Time-ordered diagrams for resonance energy transfer; (a)
and (b) relate to separate donor emission and acceptor absorp-
tion processes respectively; (¢) and (d) together represent a cou-
pled process mediated by virtual photon exchange.
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chemically equivalent. As always all possible time-
orderings need to be included in the calculation, so
that there is also a contribution from fig. 1d, in which
the virtual photon propagates from A to D. The re-
sults for the various probability amplitudes are as fol-
lows, where 4%?? for example, represents the tran-
sition dipole moment for the transition |m) « }0) at
D:

172
=1 mO(D), 5(1)
M(a) _1(260 V) A“ E (k)

xexp(—ik'Rp) , (6)

nck \'”
M) = —i(m) uom A e (k)

X exp(ik-R.) , N

= v_K_ r mupy g
M(c)—.g,ZéoV[,‘ & (K)]

X (40 A8 D (k) ] (k—1K) !
X explin (R, ~Rp)1, (8)

v K mm. @
M@= L 55 1472 )]

X [0 6@ (k)] (k-+)

X exp[—ix-(Ra—Rp)] . 9)
Here use has been made of the relation
hck=E,, —E, (10)

and there is no restriction on the energy or polarisa-
tion of the virtual photon.

The appropriate sums over x and A in egs. (9) and
(10) can be performed using the relation [7,8]

K
% 3yt ) 80 ()

X [(k—x)~!exp(ix-R)
~(k+x)~'exp(—ix-R)]
=V,(k,R), (11)

where R represents the displacement vector (R, —~Rp)
and

Vilk,Ry=0,;+it; (12)

is a second-rank index-symmetric Cartesian tensor

representing the retarded resonance electric dipole~
electric dipole coupling. The functions o, 7; in eq.
(12) are defined by

g;=(4neR3) !
X [ (8;—3R;R;)(cos kR+kR sin kR)
~ (8~ R, R)K>R? cos kR] , (13)
7;=(4neR3) !
X [(8;—3R,R,;) (kR cos kR—sin kR)
—(8;~R.R) kK*R*sinkR] . (14)

In passing, it is worth noting that the long-range be-
haviour of both these functions is dominated by the
5,-,-—1?,‘1?,' terms which are of purely transverse nature
with respect to the intermolecular vector R. Here the
absence of any longitudinal component reflects the
disappearance of static terms associated with purely
Coulombic interactions. Elsewhere, o, and 7, con-
tain terms of both transverse and longitudinal char-
acter. Using the results of egs. (11)-(14), the total
probability amplitude for virtual photon coupling can
be written using the implied summation convention
for repeated indices as

Micray=p0" O ® (K, R) . (15)

With the results of egs. (6), (7) and (15), the reg-
uisite rate equations can now be derived using the
Fermi golden rule;

2
=5 1M1y, (16)

where p,is the appropriate density of final states.

3. Theory of radiative energy transfer

The process of interest results in excitation of the
acceptor A, and it is simplest to begin by deriving an
expression for the rate of this excitation in terms of
the irradiance (power per unit area) incident upon
A. For simplicity it is convenient to assume a ran-
dom distribution of acceptor orientations, and after
substituting eq. (6) into eq. (16) and performing the
appropriate three-dimensional rotational averages, we
have
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Tnry = 3 | 2, (17)
where p,, is the density of molecular states associated
with the energy level E,,. The calculation leading to
eq. (17) involves the assumption of only one photon
in the quantisation volume V; this corresponds to an
irradiance given by ‘

I=hck/V. (18)

Since there is no restriction on the quantisation vol-
ume, eqs. (17) and (18) can be combined to pro-
duce a result which is valid for any irradiance and is
therefore as follows:

nl
3hce,

Fiaoany= |u®m™ | 2p,, . (19)
The irradiance of A due to spontaneous emission
by the donor D can now be obtained from eqs. (6)
and (16) as follows. The rate of emission into an ele-
ment of solid angle d2 is given by the expression

k3

Fipe-p)(a) = 12r2%¢h

|u®®)|2 40, (20)

where rotational averaging and summation over or-
thogonal polarisation components have been ef-
fected, and use has been made of the resuit

kv dQ
Praa= g3~ (21)
for the density of radiation states. Integration over
4 steradians in eq. (20) leads to the usual result for
the Einstein 4 coefficient. However, here we require
the intensity of radiation incident upon the acceptor
molecule. This can be obtained by multiplying the rate
(20) by #ick for the power, and dividing by the cross
sectional area R? d; hence

__ck* |
= omie,R2 H

Thus from eqs. (19) and (22) we obtain the fol-
lowing result for the rate of radiative energy transfer

pragisve KL 0m
(D*A~DAD ™ "36nheiR* °

0m(D)|2. (22)

(23)

where use has been made of the fact that the transi-

tion dipole moment has the same magnitude for both
AandD.

4. Theory of radiationless energy transfer

In this case the rate is obtained by substituting the
virtual photon coupling matrix element, (15), into
the Fermi rule. Once again, after performing the nec-
essary rotational averages, we obtain

28\ 1" *pm

MRS = =5~ Ak R) , (24)
where

Ak, R)=V(k, R)V;(k, R)

=2(4neR3) “2(3+k2R2+k*R?) . (25)

Whilst this result is true for all distances, the lim-
iting values for kR« 1 (the near zone) and for
kR > 1 (the wave zone) are of special interest. In the
former case, corresponding to the range of separa-
tions over which energy transfer is most significant,
only the first term in eq. (25) contributes, and we
have

om 4
Fl;on-radiativc —_ “‘ m| m

BABAS = 1 2nheR® (kRx1). (26)

However, the familiar R —% dependence is lost as R
approaches 1/k, and in the long range it is the final
term in eq. (25) which dominates leading to the result

4 Om, 4
rnoD%Tde\;e - k |l‘l | pm
(D*A=DAD ™ "36nhe2R?

which is identical to the radiative result of eq. (23).
The long-range behaviour of the virtual photon is thus
identifiable with propagation of a real photon and
leads to a molecular analogue of Lambert’s inverse-
square law. Hence the radiative and radiationless
mechanisms for energy transfer must be regarded as
indistinguishable.

(kR> 1), (27)

5. Excitation transfer fanction

As seen above, the new excitation transfer function
A(k, R) given by eq. (25) represents a relativistically
correct result for dipolar coupling to which the stan-
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dard Férster result is a near-zone approximation, It
is interesting to note that a range dependence of sim-
ilar form, varying with R ~" where 2 <n<#6, was first
suggested on an entirely different basis thirty years
ago [9]. Fig. 2 shows a log-log plot of 4 against R for
a value of k=9 10° m~!, corresponding to transfer
of the energy associated with photoabsorption at
=700 nm. As such, the curve is therefore appropriate
for considering the range dependence of energy
transfer within the photosynthetic unit {(PSU). The
steeper dotted line (slope —6) shows the Férster re-
sult as the short-range asymptote; the other dotted line
(slope —2) shows the radiative transfer rate as the
long-range asymptote.

It is evident that departures from Forster behav-
iour become significant at relatively short distances
R> 100 nm. It is surprising that what are essentially
relativistic correction effects should make their ap-
pearance so soon. Within the PSU, this corresponds
to about fifty times the nearest-neighbour distance
between chlorophyll units. Beyond this distance, the
difference between the true rate and the Forster re-

A
i S

1nm "10nm 100nm 1um 10um

i i

Fig. 2. Typical log—-log plot on an arbitrary vertical scale of the
excitation transfer function A(k, R) against intermolecular
distance.

sult rapidly increases in magnitude, the true rate being
very much greater than the Forster result implies.
Consequently many computational simulations of
photosynthetic energy transfer may be leading to rates
which are significantly in error.

6. Critical distances

The Forster critical distance R, is defined as the
distance between a donor and acceptor at which the
rate of radiative decay by the donor and the rate of
radiationléss energy transfer to the acceptor become
equal. Standard treatments [10] lead to the follow-
ing expression for Ry

Rgz(éf.’ e

176
an ) o' n@) F(w)o(w) dw) , (28)

where fis an undetermined orientation factor, n{®)
is the refractive index of the medium at circular fre-
quency w, and F(w), o(w) are the normalised donor
fluorescence emission spectrum and acceptor ab-
sorption cross section respectively.

In the unified theory presented in this paper, an-
other critical distance arises, corresponding to the
point at which the classical rates of radiationless and
radiative energy transfer coincide. This distance R;
is represented by the point at which the two dotted
lines in fig. 2 intersect. The explicit result for R is
obtained by equating the first (R ~%) and third (R~2)
terms in eq. (25), leading to the resuit

Ry=314-1, 29)

The evaluation of eq. (28) leads to values of R, typ-
ically in the region 5~8 nm, whereas ¢q. (29) pro-
duces a result of R~ 150 nm. The reason for this
dramatic difference is as follows.

Whilst the necessity for an overlap between the do-
nor fluorescence and acceptor absorption spectra is
explicitin eq. (28), it is implicit in the theory leading
to eq. (29). However, the physical implications are
different, in that the unified theory produces a de-
pendence on the overlap integral which is identical
for both the radiative and radiationless mechanisms;
similar remarks apply to the orientation factor [11].
Thus in both cases the observed rates will result from
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integration of eqs. (23) and {24) over the appropri-
ate emission bandwidth.

7. Synergistic effects in the absorption of white light

Recent studies have shown that virtual photon
coupling may give rise to novel effects in the absorp-
tion of very intense white light such as that produced
by seif-phase modulation of mode-locked laser light
[12]. This type of source has been widely used to
monitor the primary processes of photosynthesis
[13]. There are two mechanisms by which the inter-
action of photoreceptor molecules may produce syn-
ergistic absorption effects, as shown in fig. 3. Al-
though two photons #w, and Aw, are absorbed and
two acceptor molecules A, and A, become excited,
the overall process

can occur even when the photon frequencies lie out-
side any absorption band of A, or A,, provided over-
all energy conservation is satisfied. In the coopera-
tive mechanism (a) each acceptor molecule absorbs
one photon and a virtual photon propagates the en-

(&) A ()

Wy Wy

{a}

wy )

{5}

Fig. 3. Two mechanisms for synergistic absorption of photons,
w,, @,; (a) shows the cooperative mechanism and (b) the dis-
tributive mechanism. In each case the energy mismatch is me-
diated by a virtual photon @,

ergy mismatch between the two centres; in the dis-.
tributive mechanism (b) one acceptor absorbs both
photons, and the virtual photon conveys the entire
excitation energy to the second acceptor.

In the case where there is an isotropic distribution
of acceptor molecules, the detailed theory [14,15]
shows that the rate of synergistic photoabsorption
once more involves the excitation transfer function
A(k, R). However, one of the main differences be-
tween the cooperative and distributive mechanisms
lies in the range over which the limiting near-zone
(R ~%) behaviour occurs. The extent of the near-zone
for the distributive case is much shorter, with limit-
ing far-zone R ~? behaviour already established at
R=~1 pm; for the cooperative case far-zone behav-
iour typically obtains at R~ 10 pm. The result of this
difference is that the long-range rates (which vary
with k*) differ by a factor of (20)*=160000 in fa-
vour of the distributive mechanism [16].

8. Conclusion

It has been shown that a single excitation transfer
function A(k, R) provides a unified description of
both radiative and radiationless molecular energy
transfer. The formulation of the theory is based on
virtual photon coupling, and the radiative result cor-
responds to the long-range case where the photon loses
its virtual character. The usual Forster result, which
is identified with the short-range limit of A(k, R), is
shown to become inaccurate at distances typically
around 100 nm, essentially due to relativistic retar-
dation effects, and the unified theory produces dra-
matically different results for the critical distance. Fi-
nally the universal nature of the function A(k, R) is
demonstrated by its occurrence in the rate equations
for synergistic photoabsorption.
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