J. Chem. Sci., Vol. 118, No. 1, January 2006, pp. 23–35.

© Indian Academy of Sciences.

Fluorescence resonance energy transfer (FRET) in chemistry and
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Abstract. Fluorescence resonance energy transfer (FRET) is a popular tool to study equilibrium and
dynamical properties of polymers and biopolymers in condensed phases and is now widely used in conjunction with single molecule spectroscopy. In the data analysis, one usually employs the Förster expression
which predicts (1/R 6 ) distance dependence of the energy transfer rate. However, critical analysis shows
that this expression can be of rather limited validity in many cases. We demonstrate this by explicitly considering a donor–acceptor system, polyfluorene (PF 6)-tetraphenylporphyrin (TPP), where the size of both donor
and acceptor is comparable to the distance separating them. In such cases, one may expect much weaker
distance (as 1/R 2 or even weaker) dependence. We have also considered the case of energy transfer from a
dye to a nanoparticle. Here we find 1/R4 distance dependence at large separations, completely different
from Förster. We also discuss recent application of FRET to study polymer conformational dynamics.
Keywords. Fluorescence resonance energy transfer (FRET); non-Förster regime; single molecule spectroscopy; donor–acceptor system.

1.

Introduction

Resonance energy transfer (RET) is a widely prevalent photophysical process through which an electronically excited ‘donor’ molecule transfers its
excitation energy to an ‘acceptor’ molecule (as depicted in figure 1) such that the excited state lifetime
of the donor decreases.1,2 If the donor happens to be
a fluorescent molecule RET is referred to as fluorescence resonance energy transfer, FRET. The acceptor however may or may not be fluorescent.
Solving the enigma surrounding fluorescence
quenching experiments revealed the phenomenon of
FRET and led J Perrin3 to propose dipole–dipole interactions as the mechanism via which molecules can
interact without collisions at distances greater than
their molecular diameters. Some 20 years later, Förster1
built upon Perrin’s idea to put forward an elegant
theory which provided a quantitative explanation for
the non-radiative energy transfer in terms of his famous
expression given by
kF = krad (RF/R)6,
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(1)

where krad is the radiative rate (typically less than
10 9 s–1 ) and RF is the well-known Förster radius
given by the spectral overlap between the fluorescence spectrum of the donor and the absorption
spectrum of the acceptor. Since then the technique
of FRET has come a long way finding applications
in most of the disciplines, which by itself signifies
the importance of Förster’s formulation and usefulness of this technique.
Undoubtedly, understanding any phenomenon on
a molecular scale has always been one of the major
goals of all physical, chemical and biological quests.
However, at present when there is great interest in
characterizing nano-materials, its achievement has
gained immense priority as never before. To understand
a phenomenon on a molecular scale requires information about the spatial relationships between the
molecules, and this is where FRET’s performance is
the best, i.e. to quantitatively measure distances between molecules in the range of 10–100 Å, thereby
providing us with invaluable information about
structures and dynamics of macromolecules.
In this paper, we shall address several aspects of
FRET. The emphasis of this paper is on the distancedependence of the fluorescence energy transfer. Recent studies have shown that the usually accepted R–6
distance dependence can be easily violated when the
23
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sizes of donor and/or acceptor are smaller than or
comparable to the distance separating them. In §2,
we present a critical analysis of the assumptions
which lead to the Förster distance dependence. Subsequently §§2 and 3, we briefly discuss the applications of FRET in several areas as, for example, in the
study of the conformational dynamics of polymers
and biopolymers. We also discuss how and why
Förster distance dependence is violated in case of
conjugated polymers. In §4, we present an analysis of
the energy transfer from a dye to a nano-metal particle. Here also we find reasons for marked non-Förster
distance-dependence. We conclude the paper with a
brief discussion of the significance of the results.
2.

Principles underlying FRET

Resonance energy transfer is a non-radiative quantum mechanical process and requires fluorescence
emission spectrum of the donor molecule (D) to
overlap with the emission spectrum of the acceptor
(A), and the two to be within the minimal spatial
range for the donor to transfer its excitation energy
to the acceptor. The Förster theory is based on the

equilibrium Fermi-golden rule approach, where the
transfer of excitation energy is regarded to be the
transition between the electronic states φ eD φ gA and
φ gD φ eA (where ‘g’ and ‘e’ stand for ground and excited state respectively) promoted via a coulombic
interaction, a long-range dipole–dipole intermolecular
coupling between D and A. The key assumptions of
Förster formulation are: (a) A dipole–dipole approximation can be employed for electronic coupling
between D and A; (b) vibrational relaxation after
electronic excitation of donor takes place on a much
faster time-scale as compared to RET; (c) coupling
of molecules to the surroundings is much stronger
than coupling between D and A, ensuring that FRET
is an irreversible and incoherent process.4 With these
assumptions in mind, the Fermi-golden rule approach is followed to obtain the expression for energy
transfer as derived below.
Consider the D–A system with D in an excited
state, having M vibronic energy levels which we
consider to be associated with the excited state and
A in the ground state with N vibronic energy levels
assumed to be associated with the ground state. The
excitation energy transfer in DA complex is considered
to be the transfer between the excited state wavefunction of donor, ψ eD ( rD ; RD ) = φ eD ( rD ; RD ) χ De , having energy EDeM and the ground state of an acceptor
ψ gA (rA ; RA ) = φ gA (rA ; RA ) χ Ag with energy E AgN. According to Fermi-golden rule the transition rate is
given by:

kF =

2π
X
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× δ ( EDeMD + E AgNA − EAeM A − EDgND ),

Figure 1. Jablonski diagram illustrating coupled transitions between donor emission and acceptor absorbance in
fluorescence resonance energy transfer. Absorption and
emission transitions are represented by straight vertical
arrows (green and red respectively), while vibrational relaxation is indicated by wavy yellow arrows. The coupled
transitions are drawn with dashed lines. The phenomenon
of FRET is illustrated by a blue arrow (source: www.olympusmicro.com/primer/techniques/fluorescence/fret/fretintro.html).

where f (E DeM) and f (E AgN) represent thermal distribution for initial vibrational states of the donor and
acceptor, and VDA accounts for the coulomb interaction
between donor and acceptor molecules. By assuming that coupling matrix elements do not depend on
the nuclear coordinates (Condon approximation) we
can write,
D
A
A
D
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D

= J DA χ DeM D χ DgN D

χ AgN A χ AeM A ,

(3)

Resonance energy transfer (FRET) in chemistry and biology

where JDA represents the elements of the electronic
matrix which for dipole–dipole interaction is
D
A
J DA = k{| deg
| | deg
| / R 3 |},

(4)

R is separation between donor and acceptor molecule, κ is a dimensionless geometric factor and d is
transition dipole-moment vector. This rate expression can be expressed in terms of acceptor absorption and donor emission spectrum. To incorporate
this, the delta function can be written as,

δ (EDeM D + EAgN A − EAeM A − EDgND )
+∞

= ∫ δ (EDeM D − EDgND − E) × δ (E + EAgNA − EAeM A ) dE.
−∞

(5)
Here the first delta function represents the donor
emission while the second represents the acceptor
absorption.
The frequency dependent absorption coefficient
of the acceptor can be defined as,
a A (ω ) =

4π 2ωη
3c
D
deg

2

∑

f ( E AgN A ) χ AgN A χ AeM A

2

M A ,N A

× δ ( E AgN A − E AeM A + X ω).
Similarly, donor emission spectrum can be written as,
f D (ω ) =

4ω 3η 3 D
d eg
3Xc 3

∑
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From (6) we can see that the rate of FRET decreases as the sixth power of the distance between
donor and acceptor which accounts for the technique’s sensitivity in the range, with 100 Å as the upper limit and 10 Å as the lower limit, as below 10 Å
other modes of energy transfer are also possible.
κ 2 , orientation factor is given by,

κ 2 = (2cosθ D cosθ A − sinθ D sinθ A cosφ )2 ,

(7)

where θ D and θ A are the angles which the dipoles of
D and A form with the axis joining A and D, with ϕ
being an angle between the corresponding planes as
shown in figure 2. Since orientation factor depends
upon the relative orientations of the donor emission
dipole and the acceptor absorption dipole, its value
can range from 0 to 4. However, determining the exact value of κ 2 is often difficult, and in most of the
cases the dynamically averaged value of 2/3 works
well though its use is valid only under the assumption
that both D and A are free to undergo unrestricted
isotropic motion, which certainly is not entirely correct
especially for macromolecules. Therefore, use of the
2/3 value has always been controversial. This uncertainty can be minimized by fluorescence anisotropy
measurements.5
The spectral overlap term in rate expression contains a lot of complicated information about the nuclear overlap factors separated from the electronic
coupling term. The beauty of Förster formulation
lies in the fact that this complicated information can
be obtained from relatively simple experimental data.

2

f ( E DeM D ) χ DeM D χ DgN D

2

M D ,ND

× δ ( EDeM D − EDgND − Xω).
Substituting for these expressions in (2) and using
(3) and (4) we get,
kF =

∞
9κ 2 c 4 1 a A (ω ) f D (ω )dω
,
∫
8πη 4 R 6 0
ω4

(6)

where η is the refractive index of the medium which
affects all the electric interactions in condensed media
and c is the velocity of light.

Figure 2. Illustration of dependence of the orientation
2
factor (κ ) on the relative orientations of the donor emission dipole and the acceptor absorption dipole (source:
www.olympusmicro.com/primer/techniques/fluorescence/
fret/fretintro.html).
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Equation (6) can also be written as
kF = (1/τD)(R F/R)6,

(8)

where RF is the Förster critical distance defined to
be the distance at which the efficiency of EET from
a donor to an acceptor becomes 50% and τD is donor
lifetime in the absence of an acceptor and is the reciprocal of krad .
Experimentally, distance R can be determined by
measuring the efficiency of energy transfer (ET).
6

R = RF/((1/E T) – 1) ,

τf =

(9)

where ET is evaluated as
ET = 1 – (τDA/ τD).

emitted by the acceptor. Upon addition of chemical
denaturant, the protein unfolds and consequently
EET decreases which lower the fraction of photons
emitted by the acceptor. Using these single-molecule
FRET measurements Schuler et al7 were able to calculate limits on the polypeptide reconfiguration time
and, according to Kramers theory, the free-energy
barrier height can be obtained once the polypeptide
reconfiguration time is known from the following
equation.

(10)

 ∆ 
2πω minτ 0
exp 
,
ω max
 k BT 

where τf is the folding time, ωmin and ωmax are respectively, the frequencies characterizing the curvature of the free energy surface of harmonic well of
WKH XQIROGHG VWDWH DQG DW WKH EDUULHU WRS

Here τDA is donor fluorescence lifetime in the presence
of an acceptor.
3. FRET in biopolymers: Applications to life
sciences
FRET has been extensively exploited in biological
research and biotechnological applications for the past
few decades.
The value of RF which in fact is the maximum
separation distance between the donor and the acceptor
molecules over which RET can still occur, normally
falls in the range 20–60 Å. Fortunately, the molecular
dimensions of most of the proteins also fall within
the same range. Besides this, cell membrane thickness
and the distance between different subunits of proteins
are also of the same order. Consequently, FRET has
been used to measure in vivo protein–protein interactions, protein folding kinetics6 and protein subunit
exchange. Recently, Schuler et al7 using single
molecule fluorescence spectroscopy probed the free
energy surface for protein folding giving information about the height of free-energy barriers which
the conventional equilibrium and kinetic studies fail
to yield. The basic concepts of FRET experiments
employed by them have been illustrated in figures
3a and b. They labeled the termini of protein CspTm
with green fluorescent donor dye and a red fluorescent
acceptor. The concept behind the experiment was
that if a folded CspTm molecule diffuses into the
volume illuminated by a focused laser beam, then
there is rapid EET from D to A as termini are separated
only by 10 Å with most of the fluorescence photons

(11)

û

LV WKH

height of the folding free energy barrier and τ0 is the
reconfiguration time in unfolded state. Finally, they
could obtain the upper and lower bounds, 11 kB T >
û > 4 kBT, on the free energy barrier to folding,
which otherwise are difficult to obtain.
The other applications include: (a) Probing the
biological membrane organization and dynamics8,9
as FRET is highly sensitive to distances and changes
in the environment of the fluorophore, (b) in medical tests like enzyme-linked immunoassays (ELISA)
and fluorescence polarization immunoassays because
handling radioactive substances is risky, (c) examining primary and secondary structure of DNA,10
translocation of genes between two chromophores,
formation of hairpin structures, DNA interaction
with drugs, DNA–protein interaction 11 and in automated DNA sequencing.
4.

FRET in polymers

In polymer science, FRET is used to study the interface thickness in polymer blends, phase separation
and conformational dynamics of polymers. The technique of FRET is being exploited to design supramolecular systems that can be employed to harvest
light in artificial photosynthesis as these light-harvesting systems of plants and bacteria involve unidirectional transfer of absorbed radiation energy to the
reaction centre via a multistep FRET mechanism.
Besides these, FRET is commonly used in scintillators and chemical sensors.
The rest of this section elaborates a few of the
points mentioned above and discusses the implica-
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Figure 3. Schematic structures of protein helix labeled with donor (green) and acceptor (red). (a) Folded Csp Tm. (b)
Unfolded Csp Tm. In each case, functional form of FRET efficiency E versus distance is shown alongwith representation of the probability distribution of distances between donor and acceptor dyes. (Reprinted with permission from
Macmillan Publisher Ltd: Nature (ref. [7]), copyright (2002).)

tions of various other studies undertaken in the past
few years.
4.1 Polymer dynamics
FRET applied at the single-molecule level is a powerful
means for observing the dynamic structural changes
in polymers as well as in subpopulations in heterogeneous mixtures.6 Time-domain measurements of
the decay of the fluorescence intensity from donors
are commonly employed to investigate the dynamics
of Förster energy migration. Since krad and R F both
are determined by D–A separation which for flexible
molecules is a fluctuating quantity, the rate of decay
of fluorescence intensity provides a direct probe for
monitoring the conformational dynamics of the polymer.
In order to underline the reliability of FRET as a
dynamic marker in the polymer-folding process,
Brownian dynamics simulations on model homopolymer systems were carried out by Srinivas and
Bagchi.12 In these studies, survival probability, S p (t)
defined as the probability of reaction between the
D–A pair (reaction implies transfer of energy between
donor and acceptor) was used to study the folding
dynamics. As clear from the definition, S p (t) is a
theoretical counterpart of the fluorescence intensity
which by itself is a measure of ‘un-reacted’ donor
concentration. For FRET to be useful in the study of
folding, it is essential: (1) To choose a value of RF
that allow study of both folded and unfolded states

as FRET, in principle, is capable of providing information about structural changes only for certain values of R F; (2) the three time scales τE,fold , τE,unfold and
τq,fold to obey τE,fold ] τq,fold ] τE,unfold condition where
τE,fold and τE,unfold are time scales corresponding to
the average S p (t) of FRET in equilibrium folded and
unfolded states respectively, while τq,fold is the time
required for polymer to fold subsequent to a quench
in the temperature.
Figure 4 shows the decay of S p(t) as obtained from
BD simulations during the folding process. It can be
seen that during the folding process, S p (t) follows
the decay path of the unfolded state for t < 100 τ after
which it starts deviating and decay becomes more
rapid. Important to note that the major part of FRET
occurs within a time of 200 τ, which is same as the
average time taken by the polymer to collapse approximately to half of the mean square end-to-end
distance of its initial unfolded configuration (compare figures 4 and 5). Also it was observed that the
time taken for the D–A pair to react is almost three
orders of magnitude slower than that for the folded
state. In a separate study,13 FRET efficiency distributions were used to obtain important structural parameters like size of the globule, length of the stiff
rod etc.
Recently, FRET studies of a series of oligodeoxythymidylates, (dT)n over a wide range of salt concentration and chain lengths has been performed to
test the validity of various statistical approaches, such
as flexibly jointed or worm-like chain models often
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used to describe the flexibility and conformations of
ssDNA in solution.14
Undoubtedly, FRET is very useful technique but
it has several limitations as discussed below and in
sections to follow.
4.2

Conjugated polymers

As already discussed, EET is a basic function of
photosynthetic antennas which collect and channel

Figure 4. Survival probability for the polymer during
the folding process (lower curve) compared to the same
function for the equilibrium unfolded state (upper curve).

Figure 5. The mean square end-to-end distance 〈R2〉
and the average total energy (inset) as a function of time
during folding process.

the harvested solar energy to the reaction centre with
about 95% efficiency.15 These efficient light-harvesting systems are nothing but extensively conjugated
organic systems. As a consequence, the process of
EET in conjugated systems is being foreseen as a
mode of signal transmission in molecular electronics.
Moreover, these systems are already finding a number of applications in display devices.16,17
To design systems as efficient as photosynthetic
antennas, the first step is to direct the flow of energy
towards the desired regions. To attain this objective,
scientists have linked chromophores with continually
decreasing band gaps along the polymer chains,18 for
the reasons already discussed. However, in such systems energy is lost because of large differences required
in the emission spectra of successive chromophores.
A novel system that controls the energy flow
more efficiently has been designed by Schwartz et
al19 It involve the chains of semiconducting poly[2methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) aligned and encapsulated into the
hexagonally arrayed channels of mesoporous silica
glass. PPV and hence its water soluble derivative,
MEH-PPV, are not infinitely long conjugated systems but consist of chains of conjugated phenyl–
vinyl oligomers of various lengths because of bends
and twists in the polymer chain. These oligomers
can serve both as acceptor and donor molecules in
non-radiative excitation transfer as excitation energy
is a strong function of conjugation length.
In this system, the polymer outside the channel is
composed of short randomly oriented oligomers
having high excitation energy, while the portion inside oriented along the channel consists of longer
segments. This particular design directs the energy
deposited with the randomly oriented segments towards the aligned ones inside the channels. With the
help of both steady-state and time-resolved luminescence measurements, Schwartz et al concluded that
the interchain energy transfer (energy transfer between the randomly oriented chains outside the channels) is the Förster transfer.
Since the interchain migration rate depends on the
relative internal geometries of the donor and acceptor
chromophores, therefore, an understanding of spatial
and orientation dependence of the rate of excitation
energy transfer is important for optimizing the performance of molecular-based devices involved in
EET. Wong et al 20 have investigated this dependence for a six-unit oligomer of polyfluorene (PF6 )
and tetraphenylporphyrin (TPP), which brought for-
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Figure 6. Schematic representation of donor chromophore PF 6 and the acceptor TPP in an arrangement where the
transition dipole moments are aligned (1) parallel to each other and (2) orthogonal to DA intermolecular axis (cofacial
parallel) and parallel to the DA intermolecular axis (colinear parallel). z-axis shows the direction of the transition dipole moment vector.

Figure 7. Distance dependence of the rate for the cofacial parallel orientation of donor and acceptor (( ) Förster
rate and (y ) resonance-Coulomb rates) for EET between
the donor state and the acceptor state having mid-range
oscillator strength. The traditional R –6 distance dependence is shown by the solid line, the total Förster and
resonance-Coulomb rates, summed over states are represented by dotted and dashed lines, respectively.

ward several limitations of the Förster theory. The
computational approach employed semiempirical
Pariser–Parr–Pople (PPP) hamiltonian coupled with
single configuration interaction (SCI). From the
PPP/SCI wave functions, electronic transition energies,
and transition dipole moments, the full resonanceCoulomb coupling matrix elements as well as the

point–dipole approximation to the coupling was
computed.
The comparison of the calculated distance and
orientation dependence of Förster rate to the full
resonance-Coulomb rate from identical wave functions
clearly delineated the limitations of the point-dipole
formulation, which is invalid at short D-A separations. The plot of the rate dependence of EET between the donor state and the acceptor state having
mid-range oscillator strength (0⋅70) against the DA
separation (figure 7) shows that the transitions to these
acceptor states dominate the total rate. The separate
calculation of transfer rate between optically dark
states of D and A shows the rate to be of the same
order as that between the optically bright states suggesting that though these optically dark states do not
contribute to absorption spectrum of the acceptor
but can mediate EET. Moreover, the plot clearly indicates the violation of Förster distance-dependence
at small DA separations. This difference from the
Förster’s macroscopic formulation is a manifestation
of the breakdown of the point-dipole approximation.
Figure 8 shows the orientation dependence for the
cofacial case (figure 6) for two DA separation distances, 10 and 100 Å. Here, the angle θ corresponds
to the rotation of TPP acceptor molecule about the
transition dipole moment axis (z-axis in figure 6).
Figure 8a shows that the rate varies by a factor of ~2
in going from 0° to 90°, whereas the dipole approximation to the rate shows negligible dependence.
However, at large separations (figure 8b) the EET
rate shows weak orientation dependence.
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Figure 8. Orientation dependence of normalized rate at (a) short (10 Å) and (b) long (100 Å) DA separation for an
initial cofacial parallel alignment of DA transition moments (( ) Förster rate and (y) resonance-Coulomb rates).

In brief, the study by Wong et al proves the inadequacy of the Förster theory at short distances, particularly for extended conjugated systems where the
transition dipole densities are distributed on the
length scale similar to DA separation.
5.

FRET among nanoparticles

FRET technology is very useful and can be applied
at single-molecule levels to observe dynamic changes
but the length-scale over which these measurements
can be made is limited by the nature of dipole–dipole
mechanism. Therefore, to study large, multi-component complexes like ribosomes or various nucleoprotein complexes, there is need to develop new
optical methods which can investigate both longrange static and dynamic distances with least interference in biomolecular functions.
As has been pointed out by Yun et al, 21 this limitation of FRET can be overcome by introducing additional transition dipoles, which provide more
coupling interactions. The physical consequences of
these interactions can be understood from the Fermigolden rule approach that relates the energy transfer
(kEnt ) to a product of interaction elements of donor
(FD ) and the acceptor (FA ) as kEnt ≈ FD FA . In much
simplified form, assuming these interactions to be
the sole function of their DA separation, one obtains
F § 1/R3 for single dipoles, F § 1/R for 2D dipole array
and F § constant for 3D dipole array. The rate constant for FRET which consists of two single dipoles
can be easily derived from this approach, kF §

FD FA § (1/R3 )(1/R3 ) § 1/d 6 , while the rate constant
for energy transfer between metal surface and a dipole
follows 1/d 4 dependence, as kSET § FD FA § (1/R3 )
(1/R) § 1/R 4 .21 The 1/R 4 dependence has been theoretically derived by Chance, Prock and Silbey22 by
considering the rate of energy transfer from a dipole
to a metallic surface. This approach has further been
extended by Persson and Lang23 to the metal’s conduction electrons. The comparison of the experimental energy transfer efficiency values for a system
consisting of fluorescein moiety appended to one
end of dsDNA and an Au-nanoparticle at the other
end, with the theoretical energy transfer curves for a
pure dipole–dipole (FRET) and dipole–surface (SET)
energy transfer process shows precisely the (1/R4 )
dependence (figure 9) as predicted for a dipole interacting with the metal surface. This suggests that
Au-nanoparticle (1⋅4 nm) acts like a metal surface
with respect to the FAM dipole.21 The process of
SET originates because of the interaction of electromagnetic field of the donor dipole with the free conduction electrons of the accepting metal. As a result,
the dipole does not interact with a discrete resonance
electronic transition as in case of FRET but with a
continuum of electronic levels of a metallic system
providing greater degree of coupling. The distance
derivatives of SET and FRET curves of figure 9
plotted in figure 10 show FRET to be a highly sensitive method but over a very narrow-range of distances
(< 100 Å), whereas SET though not as efficient as
FRET provides good distance resolution even up to
220 Å. Therefore, as quoted by Yun et al21 , we can
imagine FRET as a very short ruler (scale) with
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finely spaced markings while SET is a very long ruler
with widely spaced markings.
In a separate study,24 it has been found that systems
with dye-molecules linked directly to nanoparticles
have more fluorescence quenching efficiency caused
both by increase in non-radiative transfer rate and a
drastic decrease in dye’s radiative rate. Both the radiative and the non-radiative rates are found to depend
critically on the size and shape of the nanoparticle.
The sensitivity and the range of distance measurements, can be increased by the use of systems
where both donor and acceptor are nanoparticles.
However, the use of these systems in biological de-

Figure 9. Energy transfer efficiency plotted against
separation distance between FAM and Au(NM). The
measured efficiencies of DNA strands of various lengths
are represented by open circles ({). The dashed line is
the theoretical FRET efficiency, while the solid line is the
theoretical SET efficiency. (Reproduced with permission
from ref. [21].)
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tection is limited due to their inherent toxicity,
chemical instability and high background noise.
However, a novel biosensor based on energy transfer
between bioconjugated UC (upconversion) nanophosphores and Au nanoparticles recently has been developed which overcomes these limitations to some
extent.25 These UC nanoparticles can be excited in the
IR region whereas the interfering biomolecules absorb
in the UV region causing decrease in the background noise. It is hoped that these upconversion
phosphors will find wider application in fluorescence immunoassays and fluorescence imaging, performed both in vivo and in vitro.
Though the study of energy transfer between Aunanoparticles and dyes agrees with the SET expression obtained for metal surfaces, the energy transfer
between a donor dye and an acceptor nanoparticle
has features which are distinct from that of transfer
between a dye and a metal surface. It is also quite
distinct from that between two chromophores. The
unique features of FRET between a dye and a nanometal particle require separate treatment. Here we
outline a simple theory developed recently.26
The rate of energy transfer between the acceptor
(nanoparticle) and the donor dye molecule can be
obtained following the same approach as is adopted
for conventional FRET systems in §2. In the present
case, the coupling matrix elements of (3) are evaluated assuming that the donor dye molecule interacts
with the charge distribution of the nanoparticle via a
point dipole located suitably, for example, at the
molecule’s centre of gravity. Hence, we can write
VDA as,
VDA = ∫ dr ′
V

ˆ D .(5ˆ − Uˆ ′)
|(R − r ′)|2

ρ (r ′),

(12)

where V is the volume over which charge is distributed, ˆ D is the dipole operator for the donor, ρ (r′)
is the charge density distribution, r′ being a coordinate with respect to the centre of mass of the charge
distribution, R̂ and rˆ′ are the unit vectors in the direction of R (distance of separation between interacting systems) and r′ respectively as shown in
figure 11. Expanding |(R – r′)|2 in terms of multipole
expansion and retaining only first-order terms, the
above expression reduces to
2

Figure 10. Separation distance-dependent resolution of
the FRET and SET mechanisms. (Reproduced with permission from ref. [21].)

VDA

 1 r≺ .rˆ f

= ˆ D .∫ dU ′(5ˆ − Uˆ ′)  + 2 + Q  ρ (U ′),
 rf r f

V

(13)
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where µD = 〈φeD | µˆ D | φgD 〉 .

RDA–r’

Assuming that charge density may be written as
the sum over contributions from individual electronic charges, we have

µD
RDA

r’

∫ dr′f (r′) ρ (r′) = ∑i ρi (r′) f (r′),
Figure 11. Depicts the arrangement of a dye’s dipole
with respect to the nanoparticle.

where rf(≺) is a vector with magnitude rf(≺) equal to
greater (lesser) of R = |R| and r′ = |r′|, and Q refers
to higher order terms. The above equation can be
decomposed into a sum of two terms as given below.
2


 1 r ′.R

ˆ


ˆ


+ Q ρ (r ′) + 
+
dr ′(R − rˆ ′)

2
R

R
 r ′≺ R



= µˆ D . 
.
2


1

R.rˆ ′
dr ′(Rˆ − rˆ ′)  + 2 + Q  ρ (r ′) 



r


 r′

 r ′f R

(14)

∫

VDA

∫

Using (14), JDA in the present case represents the
electronic contribution to coupling and is given by,
J DA =

〈φeD , φ gA

| µˆ D .

2


 1 r ′.R

ˆ


ˆ − rˆ ′)  +
+ Q  ρ (r ′) + 
dr ′(R

2


R
R
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2


1
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 r ′fR





(15)

∫
∫

It can be rewritten as,
J DA = µ D .〈φ gA |
2


 1 r ′.R

ˆ


ˆ
dr ′(R − rˆ ′)  + 2 + Q  ρ (r ′) + 

R

R
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| φe 〉,
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1

ˆ − rˆ ′)  + R.rˆ ′ + Q  ρ (r ′) 
dr ′(R



r2
 r ′fR

 r′




∫
∫

(16)

where ρ i (r′) is the contribution to the total charge
density from the ith electron in the nanoparticle and
f(r′) is some continuous function of r′. Substituting
it in (16), JDA becomes
J DA

=  D .∑
i

2

ˆ
 φ A (R
ˆ − rˆ ′)  1 + r ′.R + Q  ρ (r ′) φ A
e
 R R2
 i
 g




2
R.rˆ ′


A  1
A
Q
φ
+
+
+
g 
 ρ i ( r ′) φ e

2
′
r
′
r








r ′≺ R 
.



′
r fR 
(17)

Finally, retaining only first-order terms, (17) simplifies to give
 1

A
A
ˆ
 R 2 φ g (R − rˆ ′) ρ i (r ′) φ e r ′≺ R 
. (18)
J DA =  D .∑ 
ρ i (r ′ ) A


A ˆ
i
 + φ g (R − rˆ ′) r ′2 φe


r ′f R 


Typically, for a metallic nanoparticle 〈φ gA | and
〈φeA | are excitonic states undergoing plasmonic excitations. The corresponding wavefunctions are delocalized all over the nanoparticle with the extent of
delocalization being dependent on the size of the system.
Now, let us consider two separate cases.
(A) Case 1: When the size of the nanoparticle is
comparable or larger than the nanoparticle-dye
separation.
For such a system, contribution from the first term
decreases because of the additional factor (r′/R) 2
which has a value in a range (0, 1) while that from
the second term, which is independent of R, increases
as the volume of integration has increased. This can
easily be seen by writing the radial and polar integration variables separately as is done below.
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J DA =  D .∑

33

Since the a 0 term contributes the maximum to |JDA |2 ,
for such systems the distance dependence of the rate
of energy transfer is weaker than R–4 .

i

 1

A
2 A*
ˆ
 R 2 ∫ dr ′r ′ φ g (r ′)(R − rˆ ′) ρi (r ′)φe (r ′) (19)
r ′≺ R
.
(B) Case 2: When the size of the nanoparticle is
∫ dΩ′ 

A*
A
ˆ
′
′
′
′
′
ˆ
φ
ρ
φ
+
−
R
r
r
r
r
r
) i( ) e ( ) 
smaller than the nanoparticle-dye separation.
∫ d g ( )(



r ′f R
In such a case with r′ < R, (18) reduces to

As a result, the variation of JDA with R will be quite
complex and weaker than R–2 .
In general terms, the absolute square of JDA can be
written as,
a
a  2

,
| J DA | 2 = |  D | 2  a 0 + 22 + 44  Porient.
R
R



(20)

where Porient takes into account the orientation factor.
Thus (3) becomes,
D
A
A
D
VDA ψeM
ψeM
,ψ gN
, ψ gN
D
A
A
D

(

with
2

J DA

∑ 

2

2
Porient
,

k non-rad =

× χ De χ Dg

ˆ − rˆ′) ρi (r ') φ A
φ (R
e
r '2
r′ f R , and

×

A
g

2
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.

2
2π Porient
2
f (EDe ) f ( EAg )  D
∑∑
X
D A

a2 a4 

 a0 + 2 + 4  χ De χ Dg χ Ag χ Ae
R R 


∑ ∑ f ( EDe ) f ( E Ag )  D
D

2

A

)

χ Ag χ Ae

2

2

+∞

∫ δ ( EDe − EDg − E ) × δ ( E + E Ag − E Ae )dE.

For such systems we find the expected R–4 distance
dependence of the rate of energy transfer.
Now, all we need is to find out a spectroscopic
means similar to (6), so that for these systems as
well we can express the coupling as a spectral overlap between the donor fluorescence and the acceptor
absorbance. As in §2, we can write donor fluorescence, fD (ω) as,
f D (ω ) = constan t × µ D

2

∑ f ( E De )

χ De χ Dg

2

D

2

× ∫ δ ( EDe − EDg − E) × δ ( E + EAg − EAe ) dE.
−∞

2
Porient.
.

(24)

Here the contribution from a 0 term will be the maximum.
Using (2), (5) and (21), the rate expression becomes,

+∞




(23)

2
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Using (2), (5) and (21), the rate expression becomes,

where

ˆ − rˆ′) ρi (r′) φ A
φgA (R
e
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(21)

i
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a2 = 2∑

)

1
ˆ − Uˆ ′ ρ (U′) φ A 
J DA = D.∑ 2 φgA 5
e 
i

i R

(22)

× δ ( EDe − EDg − Xω)
while for acceptor absorbance, let us consider case
2,

Sangeeta Saini et al

34

a A (ω ) = C A ∑ f ( E Ag )

The influence of the last assumption on Förster rate
remains poorly understood.28
All the results and arguments presented in this paper show the need to go beyond the accepted Förster
approach.

A

∑  φ gA (Rˆ − rˆ ′) ρi (r ′) φeA 
i

2

χ Ag χ Ae

2

× δ ( E Ag − E Ae + Xω).
Using the above equations, the rate expression (24)
can be written as,
k non-rad =

krad ∞  1 
∫ F   a A (ω ) f D (ω )dω ,
R4 0  ω 

(25)

where F(1/ω) is a function of (1/ω). Equation (25)
derived in the present study is similar to (6) except
that the exact form of F(1/ω) is not known. In the
Förster case, F(1/ω) is 1/ω4 , while in the study reported by Yun et al21 F(1/ω) is given as 1/ω3 .
This study demonstrates qualitatively much weaker
distance-dependence compared to the Förster rate
expression when the size of the acceptor becomes
comparable to or is larger than the distance of separation between donor and acceptor. However, at
very small separation when the orbitals of acceptor
and donor start overlapping, the Dexter mechanism27
dominates resulting in exponential variation of rate
with R. However, we believe that there may still be
a considerable range of R where Coulombic energy
transfer is the dominant mechanism, with nonFörster distance-dependence of the rate of excitation
transfer.
6.

Conclusions

No doubt FRET is a powerful technique and has
rightly been referred to as “spectroscopic molecular
ruler”. Like any other technique it too has several
limitations like applicability in a narrow range of
distances, uncertainty in the orientation factor and
breakdown of the validity of Förster simple expression for extended charge distributions as in the case of
conjugated systems and nanoparticles. In these systems, the distance dependence can be found as weak
as R–2 . Note that R–4 dependence has already been
found in the case of nanoparticles.
Studies have shown that Förster formalism which
provide theoretical basis for FRET has certain flaws
as, for example, dipole–dipole approximation, weak
coupling limit and the assumption of fast vibrational
relaxation of the donor state prior to energy transfer.
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