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Pitfalls and limitations in the practical use of
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Disparate presentations in the literature of the basic equations of Forster’s theory of resonance energy
transfer are clarified and the limitations of these equations are discussed.

Introduction

Theodor Forster’s theory of resonance en-
ergy transfer' has found numerous appli-
cations in photophysics, photochemistry,
photobiology, and many other fields of
science, because it allows one to deter-
mine the distance between two suitable
chromophores, an energy donor, D, and
an acceptor, A, separated in the 1-10 nm
range. Forster Resonance Energy Transfer
(FRET) is used as a “spectroscopic ruler”’
in bioanalytical applications,®** for in-
stance, to determine the distance between
two markers attached to a biopolymer
whose tertiary structure is not known.
Moreover, FRET permits monitoring of
the approach or separation of two species,
one bearing D, and the other A. FRET is
used in clinical tests and even to track the
motion of single molecules."

We were struck by the fact that the
basic relationships of Forster’s theory are
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presented in substantially disparate forms
in current reviews, textbooks and papers,
and even in Forster’s original publica-
tions. This may lead to confusion if not
to erroneous determinations of interchro-
mophoric distances. Following extensive
discussion of these issues, we have decided
to publish the present article in order to
help researchers to avoid such problems
and pitfalls when using Forster’s theory.

Let us recall that, in Forster’s theory,
the rate constant for energy transfer kg is
given by eqn (1), where kp = 1/7)) is the
decay rate constant of the excited donor
in the absence of ET, R is the distance
between donor and acceptor, and R, is the
critical quenching radius or Forster radius,
i.e., the distance at which the rate constants
ker and kp are equal, such that ET and
spontaneous decay of the excited donor
are equally probable.'*!?
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The transfer efficiency @gr is defined
by eqn (2) and can be related to the
ratio R/R, by eqn (3), which provides
a straightforward way to estimate the
interchromophoric distance R, provided
that R, is known. The Forster radius R,
can indeed be determined from experimen-
tally accessible spectroscopic quantities
(vide infra). In those cases where distances
can be calculated or measured by other
methods, it has been amply demonstrated
that remarkably consistent values of R are
obtained from FRET measurements.
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“Fluorescence Resonance Energy
Transfer”: a misnomer

The term FRET first appeared in pa-
pers relevant to life sciences, as the
acronym of “Fluorescence Resonance En-
ergy Transfer”. Another interpretation
of FRET was given by van der Meer
as “Fluorescence with Resonance Energy
Transfer”."'S However, fluorescence is not
involved in resonance ET, which is non-
radiative. Moreover, under suitable con-
ditions, Forster’s theory may be applied
even to donor—acceptor pairs undergoing
triplet-singlet ET.'*'” The acronym FRET
is now so widely used that the solution
to overcome this situation—and a way to
acknowledge the author for his impor-
tant contribution—is to consider that F
in FRET means “Forster” or “Forster-
type”, the interpretation recommended in
the IUPAC Glossary of terms used in pho-
tochemistry, rather than “fluorescence”.'

We agree with R. Clegg, who published
a comprehensive article on the history of
FRET:® “there are other modes of energy
transfer, and circumstances where Forster
transfer is not valid; these require different
theoretical foundations. However, reserving
“Forster” for the “F” in FRET, whenever
we mean Forster transfer, gives credit to the
person who made it possible for us to gain
valuable, quantitative insight into so many
processes at the molecular scale, through
relatively easy experiments.” Limitations
of the validity of Forster’s theory are
mentioned below.

The Forster radius: a “critical”

parameter!

Forster’s expression for the critical transfer
distance R,, written using the currently
accepted symbols, is given in eqn (4), where
@, is the luminescence quantum yield of
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the donor in the absence of the acceptor, k¥
is an orientation factor, 7 is the average re-
fractive index of the medium in the region
of spectral overlap, N, is the Avogadro
constant, and J is a spectral overlap inte-
gral. Eqn (4) was misprinted (n® instead
of ©°) in some papers by Forster™® and
corrected later by himself."*

RS = 9(In10) KZEPDJ
0 5 4
12870°N, n
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The integral J can be defined in either
the wavenumber or the wavelength scale,
as given by eqn (5) and (6) for J and J*,
respectively. The quantities 7;®" and I,
represent the normalized spectral radiant
intensity of the excited donor, defined as
the derivative of the emission intensity
I with respect to wavenumber or wave-
length, respectively. The integrals J” and
J* are identical because I,”" and I,
are normalized to unit area and ¢,(V) =
ex(A). However, it should be recalled that
the spectral intensities are not equal but
I,°" = A*I,P". Current spectrofluorometers
based on grating monochromators have
a constant wavelength bandpass and the
natural integral to be calculated is (6),
though calculation of integral (5) is equally
valid. Care has to be taken to calculate the
integrals after the emission spectrum has
been corrected for the spectrofluorometer
exit channel response function. A reference
compound with known emission spectrum
can be used for this purpose as quoted
in ref. 21. Notice, however, that I,®" is
incorrectly defined in that reference as the
peak-normalized fluorescence spectrum.
Normalization has to be carried out to unit
area as stated in eqn (5) and (6).
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In eqn (4), the units of the physical quan-
tities involved can be chosen arbitrarily, as
long as their product is the same on both
sides. The common units of the quantities
appearing in the spectral overlap integral
J* are M cm™ = mol”! dm® em™ for
the decadic molar absorption coefficient,
e, and nm for wavelength, A. Collecting
the numerical constants and length con-
version factors, the practical expression
(7) follows. Other equally valid expressions
containing different numerical factors are

obtained when different units are chosen
(see ref. 8, p. 16).

Ry =0.02108
nm
K@, [ J ]]?
4 -1 3 -1 4
n” {mol” dm’cm™ nm (7)

However, most papers and textbooks
show a factor 9000 instead of 9 in the
numerator of eqn (4).® Apparently, this
is done to account for the conversion of
dm® (appearing in &,) to cm®. Such an
equation no longer has equal units on both
sides (caveat emptor!). The innocent user
is led to the erroneous conclusion that the
numerical constant in eqn (7) should be
0.0667 instead of 0.02108, yielding more
than three time larger R, values! Another
way of forcing equations to accommodate
ill-defined units was given by Forster:
while a factor 9000 is found in ref. 5,
a factor of 9 appears in ref. 20 together
with N’, “the number of molecules per
millimole”, instead of N, in the denom-
inator of eqn (4). Naturally, N" = 6.022 x
10* mmol™ = 6.022 x 10* mol™ is nothing
but the Avogadro constant expressed in
different units. These confusing and un-
necessary practices should be avoided.?
On doing such conversions, the units in
eqn (4) must be given explicitly, as in the
scaled eqn (4a) and (4b).
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The evaluation of R, requires great care.
It should be emphasized that severe errors
may be introduced by applying R, values
for couples of commercial dyes as given
by the manufacturer or in the literature
without regard of the microenvironment
pertinent to the actual experiment. The flu-
orescence overlap integral and the donor
fluorescence quantum yield must be de-
termined and the refractive index of the
microenvironment estimated in each case.

About the orientation factor

The orientation factor, x?, shown in

eqn (4) poses some difficulties when actual
calculations are performed. Frequently,
fast isotropical rotation of donor and
acceptor is assumed, yielding x> = 2/3.2
This assumption seems to be justified
in cases of practical interest, particularly
when dealing with donor and acceptor
chromophores bound to polypeptides and
proteins.** Complete depolarization of flu-
orescence in simple donor—acceptor sys-
tems can be used to check randomization
of the transition dipoles during the excited
state lifetime. However, care must be taken
in multichromophoric systems, because
partial depolarization can be the result
of energy migration (an example is given
later). For a full account of x* values in
different practical situations, see ref. 14
and 25.

In certain cases, transition moments
have fixed orientations and distances may
be calculated with a great degree of confi-
dence. The general expression for x, given
usually in angular notation,® is shown in
vectorial form in eqn (8), where [i, and Ji,
are the donor and acceptor transition mo-
ment vectors, respectively, and 7 is the unit
vector in the direction of R. A similar
expression can be found in ref. 26 (eqn (8)
therein; notice that the transition moments
and distance are considered as unit vectors
in that equation). It is common practice
to state that k> = 0 when fip and fi, are
perpendicular. However, eqn (8) requires
in addition that at least one of them is
perpendicular to 7. A typical example can
be found in ref. 27. In addition to this
special case, there are situations where
k? equals 0 without requiring that both
terms on the right-hand side of eqn (8)
vanish. The actual condition is that the
electric field generated by the donor dipole
is perpendicular to the transition moment
of the acceptor.
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A practical example

Intramolecular Forster-type ET processes
were investigated in a polyphenylene den-
drimer substituted with three identical,
spatially well-separated, para-substituted
perylenimide chromophores.?® Direct exci-
tation of the peryleneimide units results in
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energy hopping among the chromophores.
The critical radius R, was calculated using
the following experimental data: fluores-
cence quantum yield of the donor, @, =
0.98; dipole—dipole orientation factor cal-
culated from three-dimensional molecu-
lar mechanics modelling, x> = 2.1; sol-
vent refractive index, n = 1.496 (toluene);
spectral overlap integral calculated using
eqn (6), J = 2.5 x 10 M cm™ nm*.
The acceptor absorption coefficient, cal-
culated as one third of the absorption
coefficient of the substituted dendrimer, is
expressed in M~ cm™ and wavelength is
expressed in nm. Using eqn (7), a value
R, = 4.56 nm is obtained. From the
donor excited state lifetime, 7)) = 4.0 ns,
obtained by time-resolved measurements,
and the energy hopping rate constant,
Kiopp = ker = 4.6 ns™', determined by
anisotropy measurements, an average in-
terchromophoric distance R = 2.8 nm is
calculated, in excellent agreement with the
value obtained by molecular mechanics
modelling, 2.8 nm.

The individual variables involved in
the calculation may have substantial un-
certainties but, due to the sixth-power
dependence, the uncertainty in R, can
be relatively small. Though error limits
should be evaluated in each particular case,
the error of R, values calculated through
eqn (4) may be conservatively estimated as
5%, as long as k* can be ascertained with
confidence. The standard representation of
the ET efficiency according to eqn (3) is
given in Fig. 1. It may be seen from the
figure that the maximum sensitivity in the
calculation of R is found at R = R, and any
practical calculation of R/ R, is restricted
to the interval 0.5-2. Since current values
of R, generally range from 2 to 5 nm, the
theory is useful for the calculation of R-
values between 1 and 10 nm. For a more
general discussion see ref. 13, p. 249.

1.0
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Fig. 1 Graphical representation of eqn (3).

On the validity of Forster’s theory

Judicious application of Forster’s theory
is very useful for the determination of
intermolecular distances on the nanoscale,
the typical range of the dimensions of
the molecular structures regulating cel-
lular function.?? Therefore, FRET mea-
surements can be used to determine ge-
ometries and to explore intermolecular
interactions in complex systems such as
membranes, proteins, nucleic acids and
carbohydrates.®® Together with the in-
trinsic sensitivity of fluorescence tech-
niques and their relative simplicity, FRET
measurements are selective, specific and
non-invasive. The last property, essential
when the structure of biological mem-
branes is studied, can be achieved us-
ing chromophore-labelled isomorphs of
biomolecules.’! However, it should be kept
in mind that application of Forster’s the-
ory, which is based on the dipolar approx-
imation, is restricted to the weak coupling
limit. During the last decades, advances
were made in order to study molecular
aggregates, which required extension of the
theory into the intermediate and strong
coupling cases and other improvements.?

The dipole approximation of transition
densities is perfectly satisfactory for calcu-
lating oscillator strengths or radiative rate
constants because the wavelength of light
far exceeds the size of molecules. Averag-
ing of the transition density is, however,
inappropriate when a molecule interacts
with another molecule that is nearby. Thus,
special attention must be paid to the
case where the donor—acceptor separation
approaches the size of the chromophores.
The Coulombic term is then strongly in-
fluenced by the shape of the molecular
charge distribution because it originates
from a coupling of donor and acceptor
transition densities. This shape effect in
the Coulombic coupling can be captured
by considering the total interaction as a
sum of electrostatic interactions between
point monopoles located at the atoms of
the chromophores.’>** Alternatively, the
transition density can be calculated us-
ing quantum chemical methods enabling
accurate estimation of the Coulombic
coupling.** Multipole expansions of the
Coulombic coupling converge slowly for
molecules and truncated expansions do
not necessarily improve the dipole approx-
imation. It can thus be shown that, for
allowed transitions, the dipole approxi-

mation typically works well at distances
around R, or larger. As demonstrated by
the example of the previous section, the
theory may hold even in cases where the
separation of the chromophores R is on
the order of R,/2, as long as it exceeds
their dimensions.

When dealing with distances shorter
that 1 nm, short-range interactions re-
sulting from interchromophore orbital
overlap®3¢ should also be examined. In
the case of naphthalene dimers at an
interchromophoric distance of 0.4 nm, the
contribution of short-range interactions to
the overall calculated electronic coupling
is only 17%, which amounts to a 37%
increase in the ET rate constant.”’ Such
examples show that in many cases where
Forster’s theory is not strictly applicable,
the predominant mechanism of transfer re-
mains to be the dipole-dipole interaction.

Energy transfer processes that are usu-
ally not well described by Forster’s theory
are encountered in photosynthetic light
harvesting.**** These natural systems have
served to enhance our understanding of
energy transfer phenomena beyond the
Forster equation. To achieve a high ef-
ficiency of energy migration, interchro-
mophore separations are commonly much
less than R,. While the dipole approxi-
mation fails in these cases, it is generally
found that short-range effects of orbital
overlap are usually small and can be safely
ignored. When the electronic coupling of
chromophores is very strong, molecular
exciton states* may serve as spatially ex-
tended donors or acceptors.” Departure
from Forster’s theory is significant in that
case and cannot be ignored.*** Even sym-
metry forbidden (dark) transitions can be
very efficient excitation energy acceptors.*®

Another ingredient of the Forster equa-
tion that has received recent scrutiny is
the solvent screening factor, 1/n*. The
solvent dielectric properties appear in
equations for absorption and emission,
but in Forster’s derivation these effects
cancel.* The refractive index dependence
that remains in the final equation solely
represents how the Coulombic interac-
tion is influenced by the optical dielectric
constant (n*) of the solvent surrounding
donor and acceptor. The polarizability of
the solvent enhances energy transfer by
increasing the donor and acceptor tran-
sition dipole strengths, but that effect is
counterbalanced by a screening of the
interaction.”” The net effect depends on
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the structure of the dielectric environment
around the donor and acceptor molecules.
Recent work suggests that approximating
the solvent screening by 1/r? is satisfactory
when the dipole approximation for the
electronic coupling works well, but when
donor and acceptor approach each other
closely, the screening becomes exponen-
tially reduced.*®

Some of these mechanisms that influ-
ence energy transfer dynamics in complex
systems are more suited to the specialist.
From a pragmatic viewpoint, we find that
Forster’s theory typically works well when
the critical radius R, exceeds the size
of the chromophores, thus demonstrating
its quantitative value. Furthermore, even
when it is not quantitatively accurate,
Forster’s theory still provides the frame-
work upon which we can elucidate the
more complex ways that molecules interact
with each other on short length scales.

Notes and references

1 Th. Forster, Energiewanderung und Fluo-
reszenz, Naturwissenschaften, 1946, 6, 166—
175.

2 Th. Forster, Zwischenmolekulare Energie-
wanderung und Fluoreszenz, Ann. Phys.,
1948, 2, 55-75.

3 Th. Forster, Experimentelle und theoreti-
sche Untersuchung des zwischenmoleku-
laren Ubergangs von Elektronenanre-
gungsenergie, Z. Naturforsch. A, 1949, 4,
321-327.

4 Th. Forster, Fluoreszenz — Organischer
Verbindungen, Vandenhoeck & Ruprecht,
Gottingen, 1951.

5 Th. Forster, Transfer mechanisms of elec-
tronic excitation, Discuss. Faraday Soc.,
1959, 27, 7-17.

6 Th. Forster, Transfer mechanisms of elec-
tronic excitation energy, Radiation Res.
Suppl., 1960, 2, 326-339.

7 L. Stryer and R. P. Haugland, Energy trans-
fer: a spectroscopic ruler, Proc. Natl. Acad.
Sci. U. S. A.,1967, 58, 719-726.

8 B. V. Van Der Meer, G. Coker III and
S.-Y. Simon Chen, Resonance energy transfer:
Theory and data, Wiley-VCH, New York,
1994.

9 J. N. Miller, Fluorescence energy transfer
methods in bioanalysis, Analyst, 2005, 130,
265-270.

10 D. Klostermeier and D. P. Millar, Time-
resolved fluorescence resonance energy
transfer: A versatile tool for the analysis of
nucleic acids, Biopol. (Nucleic Acid Sci.),
2002, 61, 159-179.

11 W. 1. Greenleaf, M. T. Woodside and
S. M. Block, High-resolution, single-
molecule measurements of biomolecular
motion, Annu. Rev. Biophys. Biomol. Struct.,
2007, 36, 171-190.

12 S. E. Braslavsky, Glossary of terms used in
photochemistry, 3rd edn, Pure Appl. Chem.,
2007, 79, 293-465.

13 B. Valeur, Molecular fluorescence, principles
and applications, Wiley-VCH, Weinheim,
2001.

14 B. W. Van Der Meer, Kappa-squared: from
nuisance to new sense, Rev. Mol. Biotechnol.,
2002, 82, 181-196.

15 Comment by Prof. W. van der Meer, Ken-
tucky: FRET is now an abbreviation that
is almost as established as NMR. Soon,
nobody will say Forster Resonance Energy
Transfer or Fluorescence with Resonance
Energy Transfer anymore. We will all call
it simply FRET. Let’s not forget, however,
that there is a didactic aspect here: fu-
ture spectroscopists must understand what
FRET involves, and when they will be
exposed to FRET for the first time, the
explanation of the acronym helps to un-
derstand the principles involved. The only
problem is that Fluorescence Resonance En-
ergy Transfer is misleading in that it suggests
that Fluorescence is transferred, and that is
not correct. Fluorescence serves to detect
the phenomenon. I have proposed to solve
this problem by inserting a virtually silent
“with”. Fluorescence with Resonance En-
ergy Transfer is, in my opinion, the best name
for FRET, because it is both descriptive and
correct. Braslavsky et al. state that Fluores-
cence is not involved in Resonance Energy
Transfer. However, Fluorescence is almost
always used to detect it. They also point out
that Forster’s theory is applicable to donor—
acceptor pairs undergoing triplet-singlet en-
ergy transfer. Perhaps it is an idea to use the
name Forster Resonance Energy Transfer
in situations where it is not clear Fluores-
cence is used. I propose to use the name
Fluorescence with Resonance Energy Trans-
fer for all cases where there is Resonance
Energy Transfer and Fluorescence is used to
measure it.

16 V. L. Ermolaev and E. V. Sveshnikova,
Inductive-resonance energy transfer from
aromatic molecules in the triplet state, Dok/.
Akad. Nauk SSSR, 1963, 149, 1295-1298.

17 R. G. Bennett, R. P. Schwenker and R. E.
Kellog, Radiationless intermolecular energy
transfer. I1. Triplet-singlet, transfer, J. Chem.
Phys., 1964, 41, 3040-3041.

18 R. Clegg, The history of FRET: From
conception to the labor of birth, in Re-
views in Fluorescence, ed. C. D. Geddes and
J. R. Lakowitz, Springer, New York, 2006,
pp. 1-45.

19 Th. Forster, Delocalized excitation and ex-
citation transfer, in Modern Quantum Chem-
istry, Istanbul Lectures, ed. O. Sinanoglu,
Academic Press, New York, 1965.

20 Th. Forster, Mechanism of energy transfer,
in Comprehensive Biochemistry, Bioenerget-
ics, ed. M. Florkin and E. H. Stotz, Elsevier,
Amsterdam, vol. 22, 1967.

21 P Wu and L. Brand, Resonance energy
transfer: Methods and applications, Anal.
Biochem., 1994, 218, 1-13.

22 J. Lee, Malpractices in chemical calculations,
U. Chem. Ed., 2007,7, 27-32.

23 B. W. Van Der Meer, Orientational aspects
in pair energy transfer, in Resonance Energy
Transfer,ed. D. L. Andrews and A. A. Demi-
dov, Wiley, New York, 1999, ch. 4.

24 C. G. dos Remedios and P. D. J. Moens, Flu-
orescence resonance energy transfer spec-
troscopy is a reliable “ruler” for measuring

structural changes in proteins: Dispelling
the problem of the unknown orientation
factor, J Struct. Biol., 1995, 115, 175-
185.

25 J. Baumann and M. D. Fayer, Excitation
transfer in disordered two-dimensional and
anisotropic three-dimensional systems: Ef-
fects of spatial geometry on time-resolved
observables, J. Chem. Phys., 1986, 85, 4087—
4107.

26 G. D. Scholes, Long-range resonance energy
transfer in molecular systems, Annu. Rev.
Phys. Chem., 2003, 54, 57-87.

27 J. R. DeMember and N. Filipescu, In-
tramolecular energy transfer between non-
conjugated chromophores. Effect of rigid
perpendicular orientation, J. Am. Chem.
Soc., 1968, 90, 8425-6428.

28 M. Maus, R. De, M. Lor, T. Weil, S.
Mitra, U.-M. Wiesler, A. Herrmann, J.
Hofkens, T. Vosch, K. Mullen and F. C. De
Schryver, Intramolecular energy hopping
and energy trapping in polyphenylene den-
drimers with multiple peryleneimide donor
chromophores and a terryleneimide accep-
tor trap chromophore, J. Am. Chem. Soc.,
2001, 123, 7668-7676.

29 E. Jares-Erichman and T. M. Jovin, Imag-
ing molecular interactions in living cells by
FRET microscopy, Curr. Opin. Chem. Biol.,
2006, 10, 409-416.

30 R. Clegg, Fluorescence resonance energy
transfer, Curr. Opin. Biotechnol., 1995, 6,
103-110.

31 M. Rao and S. Mayor, Use of Forster’s
resonance energy transfer microscopy to
study lipid rafts, Biochim. Biophys. Acta,
2005, 1746, 221-233.

32 J. C. Chang, Monopole effects on elec-
tronic excitation interactions between large
molecules. I. Application to energy transfer
in chlorophylls, J. Chem. Phys., 1977, 67,
3901-3909.

33 D. Beljonne, J. Cornil, R. Silbey, P. Millie
and J. L. Bredas, Interchain interactions in
conjugated materials: The exciton model ver-
sus the supermolecular approach, J Chem.
Phys., 2000, 112, 4749-4758.

34 B. P. Krueger, G. D. Scholes and G. R. Flem-
ing, Calculation of couplings and energy-
transfer pathways between the pigments of
LH2 by the ab initio transition density cube
method, J. Phys. Chem. B, 1998, 102, 5378—
5386.

35 D. L. Dexter, A theory of sensitized lumi-
nescence in solids, J. Chem. Phys., 1953, 21,
836-850.

36 S. Speiser, Photophysics and mechanisms
of intramolecular electronic energy transfer
in bichromophoric molecular systems: Solu-
tion and supersonic jet studies, Chem. Rev.,
1996, 96, 1953-1976.

37 G. D. Scholes and K. P. Ghiggino, Electronic
interactions and interchromophore excita-
tion transfer, J. Phys. Chem., 1994, 98, 4580—
4590.

38 G. R. Fleming and G. D. Scholes, Quantum
mechanics for plants, Nature, 2004, 431,
256-257.

39 V. Sundstrém, T. Pullerits and R. van
Grondelle, Photosynthetic light-harvesting:
Reconciling dynamics and structure of pur-
ple bacterial LH2 reveals function of photo-
synthetic unit, J. Phys. Chem. B, 1999, 103,
2327-2346.

This journal is © The Royal Society of Chemistry and Owner Societies 2008

Photochem. Photobiol. Sci., 2008, 7, 1444-1448 | 1447



40 M. Kasha, Energy transfer mechanisms and

molecular exciton model for molecular ag-
gregates, Radiation Res., 1963, 20, 55-71.

41 R. van Grondelle and V. I. Novoderezhkin,

Energy transfer in photosynthesis: exper-
imental insights and quantitative models,
Phys. Chem. Chem. Phys., 2006, 8, 793-807.

42 G. S. Engel, T. R. Calhoun, E. L. Read,

T.-K. Ahn, T. Mancal, Y.-C. Cheng, R. E.
Blankenship and G. R. Fleming, Evidence
for wavelike energy transfer through quan-
tum coherence in photosynthetic systems,
Nature, 2007, 446, 782-786; H. Lee, Y.-C.

43

44

Cheng and G. R. Fleming, Coherence dy-
namics in photosynthesis: Protein protection
of excitonic coherence, Science, 2007, 316,
1462-1465.

P. J. Walla, P. A. Linden, C. P. Hsu, G. D.
Scholes and G. R. Fleming, Femtosecond
dynamics of the forbidden carotenoid S1
state in light-harvesting complexes of purple
bacteria observed after two-photon excita-
tion, Proc. Natl. Acad. Sci. U. S. A., 2000,
97, 10808-10813.

R. S. Knox and H. van Amerongen, Re-
fractive index dependence of the Forster

resonance excitation transfer rate, J. Phys.
Chem. B, 2002, 106, 5289-5293.

45 M. F. lozzi, B. Mennucci, J. Tomasi and R.

Cammi, Excitation energy transfer (EET)
between molecules in condensed matter: A
novel application of the polarizable contin-
uum model (PCM), J Chem. Phys., 2004,
120, 7029-7040.

46 G. D. Scholes, C. Curutchet, B. Mennucci,

R. Cammi and J. Tomasi, How solvent
controls electronic energy transfer and light
harvesting, J. Phys. Chem. B, 2007, 111,
6978-6982.

1448 | Photochem. Photobiol. Sci., 2008, 7, 1444-1448

This journal is © The Royal Society of Chemistry and Owner Societies 2008



