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In the theory of excitation energy transfer it is generally considered that species initially
excited by photoabsorption transfer their energy to other molecules by two distinct
mechanisms, known as radiative and radiationless energy transfer. Recently it has been shown
that the two mechanisms for energy transfer are in fact indistinguishable, each being the
asymptotic limit of a unified mechanism involving virtual photon coupling. The familiar R ~°
dependence associated with Forster radiationless transfer is the short-range limit, while over
longer distances retardation effects modify the radial dependence to R ~?, and the result is the
classical radiative transfer law. For radiationless energy transfer, wide use is made of Galanin’s
result concerning fluorescence depolarization losses due to single-step transfer. Here Galanin’s
work is extended to obtain a general formula for the residual fluorescence anisotropy following
energy transfer over arbitrary intermolecular distances. Hence a connection is established with
the depolarization associated with reabsorption. In particular, it is shown that the anisotropy

increases significantly from its initially low value over distances considerably less than those
normally associated with radiative energy transfer. The necessary criteria for experimental
identification of the transition from radiationless to radiative character are described, and

model systems for their realization are considered.

1. INTRODUCTION

The migration of electronic excitation energy in con-
densed media has afforded a highly active field of both theo-
retical and experimental research for many years.'” Energy
transfer plays an important role in a wide variety of physical,
chemical, and biological processes such as intrinsic fluores-
cence quenching in enzymes and light energy harvesting in
the photosynthetic unit.** According to conventional wis-
dom (see, e.g., Ref. 6), the species initially excited by pho-
toabsorption can transfer their energy to other sites by two
distinct mechanisms, known as radiative and radiationless
energy transfer. The former mechanism involves the emis-
sion and reabsorption of transverse photons, and is manifest
over transfer distances R which appreciably exceed the re-
duced photon wavelength A = A /2. It is generally under-
stood that the latter radiationless mechanism is mediated by
a longitudinal (Coulombic) interaction, not involving trans-
verse photons, which takes place over comparatively short-
range distances R €A. So, while both of these resonant cou-
pling mechanisms require an overlap between the
appropriate emission and absorption spectra, their differ-
ences are commonly emphasised on the basis of other
mechanistic features such as their apparently very different
range dependences.

Recently it has been demonstrated that the radiative
and radiationless mechanisms for energy transfer are, in
fact, indistinguishable.” Each is the asymptotic limit of a
unified coupling mechanism involving virtual photon cou-
pling, as has been proven using well-established methods of
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quantum electrodynamics. Thus the familiar R ~° depend-
ence associated with the Forster theory of dipole—dipole ra-
diationless transfer® appears as the short-range limit, whilst
over longer distances retardation effects modify the form of
the radial dependence to R ~ 2, and the result can be identi-
fied as the classical inverse-square radiative energy transfer
law.

One of the most salient features of energy transfer con-
cerns the fluorescence depolarization associated with the mi-
gration of excitation. Techniques based on measuring flu-
orescence depolarization (or decay of induced absorption
anisotropy) prove to be extremely useful for obtaining infor-
mation on both the energy transfer process®!! and the inter-
nal structure of molecular systems.'>"!* In the study of ra-
diationless energy transfer, wide use is made of Galanin’s
result’"'® concerning polarization losses due to single-step
transfer. In this paper, Galanin’s work is extended to afford
application to arbitrary transfer distances, thus establishing
a connection with the depolarization associated with the ra-
diative energy transfer. To our knowledge it is the first time
that the effects of retardation have been considered in this
connection; a discussion of the influence of such effects on
the exciton spectra of molecular crystals is presented in the
classic text by Craig and Walmsley.'’

The paper is organized as follows. In the next section the
unified theory, which has been shown to establish the con-
nection between radiationless and radiative energy trans-
fer,” is extended to incorporate the effects of molecular vi-
brational structure. Using these results the transfer-induced
fluorescence depolarization is studied in Sec. III. Finally, in
Sec. IV some concluding remarks are presented and possible

applications are discussed.
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11. DERIVATION OF A GENERALIZED ENERGY
TRANSFER RATE

In the Power—Zienau—-Woolley formulation of molecu-
lar quantum electrodynamics'®*?° the Coulombic interac-
tion between molecules is represented by the propagation of
transverse virtual photons, and it is the coupling between
molecules and the radiation field which is responsible not
only for molecular photoabsorption and spontaneous emis-
sion, but also for intermolecular energy transfer. In this for-
malism the Hamiltonian for the system can be written as

H=H, + H,, =Hrad +Hmol +Hmt! (1)
where H_,, is the radiation Hamiltonian, and

Hmol = Z
3
mt z :nt(g)' (3)

Hmol(g)’ (2)

Here the sums are taken over all molecules in the system,

H,_ . (§) is the normal Schrédinger operator for molecule &,
and H,, (£) represents the interaction between molecule &
and the radiation field. For the purposes of this paper it is
sufficient to express the interaction Hamiltonian in the elec-

tric dipole approximation, as

Hy (§) = — €5 'n(8)d'(R,). (4)

where n(§) is the electric dipole operator and R, the posi-
tion vector of molecule £. In Eq. (4), d, (r) is the transverse
electric displacement field operator, which together with the
magnetic induction field operator b (r) represent the dy-
namical variables of the electromagnetic field. In terms of
these operators H_,, is expressed as

H., =%f{6°- 142 4 ¢,c*b2}d 3. (5)

The radiation Hamiltonian and the electric displacement op-
erator may each be cast in terms of a mode expansion as
follows:

H.. =Y [a*P(K)a? (k) + }]#ick, (6)
k,A
1/2
&) =3 (ﬁCkGO) He™® (k)a™ (k) e
k,,{ 2V
é(&)(k)a-%(i)(k)e«ﬂor}. (7)

In both of the above expressions a sum is taken over all radi-
ation modes characterized by wave vector k and polarization
vector e’ (k); a * (k) and a¥’ (k) are the corresponding
photon creation and annihilation operators and V is the
quantization volume.

In order to derive an expression for the rate W, of mo-
lecular energy transfer associated with an initial system state
|f) and a final state |f'), we employ the normal methods of
time-dependent perturbation theory with H,,, acting as the
perturbation on basis states which are eigenstates of H,,. Re-
sults are then obtained from application of the generalized
Fermi rule*!

W, =27” FIT iy P8(E, — E,), (8)
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where T is the transition operator given by

T=TOLT@ ... (9)
with
TO=H,, (10)
P 1
T®=H,—— H,, s—+0 (11
"E,—Hy+is " ‘

and higher order terms can be neglected for our purposes.

The principal term T can be regarded as representing
both photoemission and photoabsorption by individual mol-
ecules, as shown by the time-ordered diagrams in Figs. 1(a)
and 1(b). The term T'® features in the representation of
molecular energy transfer, which is the subject of our present
theory. Here we employ the terms donor and acceptor to
indicate molecules between which energy is transferred.
Elsewhere these are also referred to as fluorophore and
quencher. Our theory accommodates situations in which do-
nor and acceptor are either the same or chemically different
species. Using the Condon principle to separate electronic
and vibrational parts of the state vector, the initial and final
states of the process and their energies are

i) = |0} | W, W) 852 ) 185D, (12)
IfY = 10) ¥ ¥, ) 85" 852D, (13)
E, =Eg’,’. +EM, - (14)
E,=E{ +E®, (15)

the states of all other molecules in the system being unspeci-
fied. Here |0) denotes the photon vacuum state vector,
W, .¥,)and |¥,V¥ ) arethe electronic parts of the initial
and final state vectors. The indices /(m) and n(p) indicate
vibrational levels of the donor (acceptor) in its ground and
excited electronic states, respectively, with E §?, E §™, E ()

D Ax
k,A k,A
D* A
(a) (b)
D A* D A*
K,A k)
D* A D* A

() @
FIG. 1. Time-ordered diagrams for emission (a), absorption (b), and reso-

nant energy transfer mediated by virtual photon exchange { (c) and (d)].
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and E ‘%) being the corresponding electronic plus vibrational
energies of donor and acceptor.

As depicted in Figs. 1(c) and 1(d), the quantum elec-
trodynamical representation of the energy transfer arising
from second order perturbation entails virtual photon cou-
pling. The term “virtual” here relates to the fact that such
photons are not observed. Their role is similar to that of the
virtual molecular states which feature in scattering theory.
The result for the matrix elements of the transition operator
for molecular energy transfer calculated on the basis of the
full quantum electrodynamical treatment is

FIT D)y = T3

where

(l)l¢(n) ) (¢(p) '¢(m) ,

)= %)
Y M %R

(17)

(16)

2y _
Tip=

K B#A#DeiKR [ ( 1 + i
4me, K3R3 KR

and

77' = eA'eD —j(eA'eR)(eD'eR), (]= 1,3). (18)

Here T3 is the electronic matrix element of the transition
operator, 77, and 7, are the orientational factors, £, and y1,
are the absolute values of the transition dipole moments of
donor and acceptor, and e, €, €5 are unit vectors oriented
along the transition dipoles of the donor and acceptor mole-
cules and their separation vector R, respectively. In passing
we note that T3 is related to the retarded dipole—dipole
interaction tensor”? ; = o; +ir; by T3 =ppp,b;.
Finally, in Eq. (17) the parameter K corresponds to the
transfer energy

#icK = #iw = AE, = AE, (19)
with

AE,=E) —EY, (20)

AE,=EY) —E{™. (21)

Equations (16)—(18) properly accommodate the retarda-
tion effects which feature in both classical relativistic and
quantum electrodynamical treatments of dipole-dipole cou-
pling. Their significance with regard to polarization effects
in intermolecular energy transfer will become apparent in
the next section.

The excitation transfer rate as calculated from the gen-
eralised Fermi rule is now as follows:
w=2L 3|

BIoe 16 85I
nd,mp

X (SRS PIB(AE, — AE,). (22)

Here the appropriate averaging over initial and summing
over final states is carried out, p{) and p{™ being the popu-
lation distribution functions of the initial vibrational states
of donor and acceptor. As in the Forster theory, the excita-
tion transfer rate can be presented in terms of an overlap
integral between donor and acceptor spectra

W——f pr (@) ()| T3 dow (23)

with
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I.(0)= th<">|(¢<’> |62 28(AE, — iw), (24)

I (o) = th("”l(zﬁ“” |gS™Y P8 (AE, — fiw), (25)

where I, (») and I,(w) are proportional to the donor
emission and acceptor absorption spectra, respectively, nor-
malized as

JID,(a))da) =fIA (w)do = 1.

Equation (23) can be rewritten in a form closer to the stan-
dard Forster formula as follows:

(26)

——JF (w)a, (0)K*g(KR)dw 27
8mrp N,
with
1
g(KR)—773 —+ (73 — 2771773)W
1
+ 7 KR’ (28)
o*r
Fp(@) =—-—"”"3 I,. (@), (29)
€
Tk
(@) = 360’;'; N, (), (30)

and K = w/c. Here F,, (@) is the donor radiation spectrum
normalized to unity, a, (@) is the Beer’s law absorbance of
the acceptor, 75, is the radiative lifetime of the donor and ¥,
is the number of acceptors per unit volume.

Equation (27) accommodates both radiative and radia-
tionless energy transfer. At small donor—acceptor distances,
KR <1, it reduces to the usual rate for Forster-type nonra-
diative energy transfer, W~73/R %, 13 being the conven-
tional orientational factor. For large distances, KR> 1, Eq.
(27) gives the standard radiative result, W~n}/R 2, The
limiting cases thus differ in their orientational factors as well
as their distance dependence. The orientational difference
leads to completely different transfer-induced fluorescence
depolarization. In the next section the theory of fluorescence
depolarization valid for arbitrary donor—-acceptor separa-
tion is developed in detail. A fuller study of the energy trans-
fer process per se will be presented elsewhere.”

Ill. TRANSFER-INDUCED FLUORESCENCE
DEPOLARIZATION

For the usual nonradiative dipole-dipole mechanism
for intermolecular energy transfer, the transfer rate on aver-
age depends only weakly on the mutual orientation of donors
and acceptors [see Eq. (32) below for the average of the
appropriate orientational factor, %3 ]. This is the reason for
the well-known and considerable (1/25) reduction of flu-
orescence anisotropy following a single act of energy trans-
fer.""'¢ By contrast in the radiative mechanism, energy trans-
fer between species with parallel transition dipoles is greatly
preferred [compare Eq. (31), in which the angle-dependent
term is weighted by a factor of 7]. Consequently, the residual

anisotropy after a single act of photon reabsorption is sub-
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stantially (seven times) greater than in the case of nonradia-
tive transfer.

In the following a general formula is derived which con-
nects and accommodates the above limiting cases. Here and
throughout the paper rotational depolarization is assumed
tobe negligible. In order to arrive at a formula which demon-
strates the effect of the relative orientation of donor and ac-
ceptor species in an ensemble, it is necessary to average Eq.
(27) over the orientation of the vector e, with respect to a
donor-acceptor pair in fixed mutual orientation. We obtain
the following results for the rotational averages of the orien-

tational factors in Eq. (28):
7 =4(Tcos @ + 1), (31)

D. L. Andrews and G. Juzelilinas: Fluorescence anisotropy in energy transfer

(32)

m =4m, (33)
where cos @ = e,¢e,. Substituting these results into Egs.
(27)—(30) we obtain

W(R) < (3ys + ¥4 + Ty, )c08? 6 + (9 + 3y, + ;)
(34)

7% = §(cos® O + 3),

with
1
iy
Therefore, the properly normalized orientational distribu-
tion function for excited acceptors, f(8, R), is given by

sz‘"FD(w)aA (w)do (n=24,6). (35)

(36)

f'\.% 2 1\4,} . , ,\5, 5 ,\i .
6) = 3 [34+K°R*>+7K*R*)cos’8+ [9+3K*R?+K*R*]
- ~J
10 3+ KR+ K'R*
r
with

;{\,{_ SK"Fp(ow)a, (@)oo *do
SFp(w)a,(w)o ™ *do

Of special interest is the fluorescence anisotropy defined by

r= D=L .
I+ 2,

Here I and I, are the components of the fluorescence inten-
sity polarized parallel and perpendicular to the polarization
of the excitation light, respectively. In the case where flu-
orescence occurs directly from the molecule which absorbs
the incident light (the donor), the anisotropy is designated
ro; where fluorescence occurs following single-step intermo-
lecular energy transfer to another molecule (the acceptor)
the anisotropy is designated r,. The value of r,, if donor
intramolecular relaxation produces no change of electronic
state, has its theoretical maximum of 0.4.

It is the result for », which is of principal interest; the
fluorescence anisotropy following a chain of energy transfer
events can be directly calculated from this result. In terms of
75, the acceptor anisotropy r, can be expressed as®*

(37)

(38)

ry = {P,(cos 8))r, (39)

where P,(cos ) = (3 cos’@ — 1)/2 is the second-order
Legendre polynomial and the angular brackets denote the
distributional average

(P,(cos 8)) = —;— Jﬂr P, (cos 8)f(8)sin 6 d6. (40)
(4]

Substituting expression (36) for /(&) into Eq. (40) we ob-
tain the final and most general result
~ ~
r_o(7K4R“+K2R2 + 3)

25 \K¥R* + KR+ 3
The above equation is valid for arbitrary separations R. As
shown in Eqgs. (45) and (46) below, the familiar short- and
long-range results are the asymptotes of this formula. It
should be pointed out, that in general the residual anisotropy

rl(R) =

(41)

r, (R) depends not only on the transfer distance R, but also,
on the shapes of the spectral lines [through the averages K *
and K* appearing in expression (41)]. However, as the
widths of the absorption and emission lines are considerably
smaller than the photon frequency, Eq. (41) can be rewrit-
ten without any significant loss of generality as

(42)

ro (T(KR)*+ (KR)*+3
r (R)='—' ~ 2 = by 3
25 \ (KR)*+ (KR)*+ 3

where K is the average value of K calculated by use of Eq.
(37) with n = 1. In the case where the absorption and emis-

sion lines are of Gaussian shape {F,~e?
exp[ — (0 —wp)*/20°],  a,~wexp] — (0 —0,)Y
20°]}, we have
~ 2 2
K*=X [1+l(§) ] (43)
2 \@
) 4 2 4
K'=K [1+3(g) +_3_(_f_) ] (44)
@ 4 \o

This means that if, for example, the ratio 6/ is 0.1 then the
error made by using expression (42) instead of Eq. (41) is
less than a few percent. Moreover both formulas (41) and
(42) give the correct asymptotes at small and large dis-
tancgs:

KR«l. Here Egs. (41) and (42) reduce to the usual
Galanin result

. 1
r = rrllon rad 7.

25

KR> I. Here we obtain the result for the depolarization
associated with photon recapture

. yiad ___ __7__
ro=r 25 ro.
The distance dependence of the relative residual anisot-

ropy r; (R)/r, calculated according to Eq. (42) is presented
in Fig. 2.

(45)

(46)
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FIG. 2. Relative anisotropy, #, (R)/r,, plotted as a function of KR accord-
ingto Eq. (42). The dotted line represents the limiting value associated with
radiative transfer.

IV. DISCUSSION

In this paper we have extended Galanin’s result for ra-
diationless energy transfer to be applicable to arbitrary
transfer distances R, thus establishing a connection with the
depolarization associated with photon reabsorption. The re-
sults obtained show that the extent of anisotropy in the dis-
tribution of excited acceptors, as measured by the fluores-
cence anisotropy 7,, has a very marked dependence on R.
For R<A (A =A/2m = 1/K) our general formulas (41)
and (42) reduce to Galanin’s result that a single act of ener-
gy transfer produces a 25-fold decrease in the anisotropy.
This justifies the usual neglect of polarization contributions
associated with molecules other than the initially excited
species.>!! In contrast, in the case of photon reabsorption
taking place at distances R > A the residual anisotropy r, is
considerably higher and cannot usually be ignored.

What is perhaps most noteworthy, however, is the fact
that », changes to a significant value at distances much less
than those normally associated with radiative energy trans-
fer (see Fig. 2). For example, with a donor-acceptor separa-
tion R = 1.5/K = 0.751 /, the relative anisotropy r, /7, at-
tains the value of 3/25, considerably higher than the result
for the radiationless transfer, as follows from Eq. (42).

Whilst the range dependence of the fluorescence de-
polarization is of intrinsic interest, manifesting retardation
features which are not widely known to appear in such a
connection, it is also of interest to speculate on potential
systems in which the average transfer distance lies some-
where in the region of the reduced wavelengths correspond-
ing to the energy being transferred (KR ~1). In this critical
region neither the usual radiationless nor the radiative result
is correct. To realize such a system in practice, the following
criteria should be satisfied as fully as possible.

First, the ideal system should comprise microsystems in
which each donor is surrounded by acceptors at a relatively
fixed distance in the critical region. Second, the acceptors
should not be excited by the radiation which initially excites
donors. Thus the donor and acceptor species must normally
be chemically different and their absorption spectra should

not fully overlap. In the same way it is necessary for the
donor and acceptor fluorescence spectra to be separable, so
that the acceptor fluorescence can be registered in a wave-
length region where there is no influence of the donor signal.
Third, the probability of donor-acceptor energy trans-
fer should be sufficiently high to make the process measura-
ble. This probability can be increased by having a group (do-
main) of donors centrally positioned within a spherical shell
of acceptors densely packed together in several layers. Both
the domain size and the shell thickness should, of course, be
of a dimension considerable smaller than the shell radius.
Moreover, it is necessary to minimize depolarization due to
donor-donor or acceptor—acceptor transfer. Hence donor
molecules forming a domain should have a high degree of
orientational order, and the acceptor species must also be
highly orientationally ordered over distances equal to the
length of excitation diffusion between acceptor molecules of
the shell, /¢, usually not exceeding a few tens of nano-
meters. This is entirely realistic since the acceptor shell will
typically need to be some hundreds of nanometers across.
Last, the probability of energy transfer from any one
donor to an acceptor belonging to another sphere must be
much less than the probability of transfer to an acceptor in
its own sphere. Hence the concentration of the spherical mi-
crosystems must be kept low, and/or the optical pathlength
be sufficiently short that a photon emitted by donor can nor-
mally be absorbed only by its own acceptor surroundings.
Having such a system one can, by registering acceptor lumi-
nescence or its anisotropy, distinguish the transition from
radiationless to radiative character in the donor-acceptor
transfer. The polarization method offers considerable ad-
vantages over absolute measurements of the luminescence
which would otherwise require knowledge of the number of
donors per domain and the number of acceptors per sphere.
In conclusion, while the production of a system such as
described above is technologically demanding, the principal
result of this paper also has intrinsic interest from a purely
scientific point of view, since it establishes the continuous
connection between fluorescence features associated with
radiationless and radiative molecular energy transfer.
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