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h is the viscosity of the solvent (in units of Poise, P)
R is the gas constant (8.31 x 107 erg/mol or 1.99 cal mol-1

K-1). 

For typical non-viscous organic solvents (benzene, 

acetonitrile, hexane) at room temperature h is ~ 1-10 cP 

kDIF has a value of around 109-1010 M-1s-1. 

Diffusion



1D* + A D + 1A*

1D* + A D + 3A*

3D* + A D + 1A*

3D* + A D + 3A*

Possibilities



Energy Requirement

Allowed

ED > EA

Forbidden

ED < EA



This overlap integral also can be 
used for energy transfer.

  J = ∫ o
∞ ID ν( ) εA ν( ) d ν ee.14( )

emitted light intensity

extinction coefficient of A

Criteria for Energy Transfer: Spectral Overlap



• Non-Radiative Energy Transfer

• Resonance ET

• Exchange ET



Exchange Energy Transfer

Dexter Energy Transfer

Collisional Energy Transfer 

Non-Radiative Energy Transfer

kET (exchange) =  KJ exp(–2 rDA/L)



Exchange Energy Transfer



kET (exchange) =  KJ exp(–2rDA/L)

where K is related to the specific orbital interactions such as the
dependence of orbital overlap to the instantaneous orientations of *D
and A.

J is the normalized spectral overlap integral, where normalized means
that both the emission intensity (ID) and extinction coefficient (eA) have
been adjusted to unit area on the wavenumber scale. It is important
that J, by being normalized does not depend on the actual magnitude of
eA.

rDA is the donor-acceptor separation relative to their van der Waals
radii, L

Exchange Energy Transfer



Triplet-Triplet Energy Transfer

3D* + A D + 3A*
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Sensitized Phosphorescence at 77 �K

A. Terenin and V. Ermolaev, Doklady, Acad. Sc., U.S.S.R., 85, 
547, 1952; Trans. Faraday Soc., 52, 1042, 1956
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Sensitized Phosphorescence at 77 �K



Triplet-Triplet ET in Solution
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H. L. J. Backstrom and K. Sandros, Acta Chemica Scand. 12, 823 (1958)



G. Porter and F. Wilkinson, Proc. Royal Soc. A, 264, 1 (1961)

Triplet-Triplet ET in Solution: Correlation of rate with triplet energy gap  



Need for Triplet Sensitization



Triplet Sensitization



Ø Should be able to excite the sensitizer alone even in presence of 
acceptor.

Ø Sensitizer should have high intersystem crossing efficiency (S1
to T1).

Ø Sensitizer should have triplet energy higher than the acceptor.

Ø Sensitizer should be photostable.

Sensitizers







Reaction from S1 and T1: Selective Triplet Quenching



v Quencher should have absorption away from that of the reactant 
(donor).

v Quencher should have the triplet energy lower and the singlet 
energy higher than the reactant.

v Quencher should quench the reactant only be TT transfer, not by 
any other process.

Ø Quencher should be photostable.

Quenchers

T1 quenching S1 quenchingS1 and T1 quenching



Triplet Quenching
Stern-Volmer equation

Derivation of Stern-Volmer equation:
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deexcitation channel
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Triplet Qunenchers Helps Resolve the Reactive State
Stern-Volmer Plot



Dipole-Dipole Energy Transfer

Coulombic Energy Transfer

Resonance Energy Transfer

Förster Energy Transfer

Non-Radiative Energy Transfer

Förster Resonance Energy Transfer (FRET)

kET  total( )∝ α Ψ D*( )Ψ A( ) Hd−d Ψ D( )Ψ A*( )
2%

&'



Milestones in the Theory of Resonance Energy Transfer

FRET - Fluorescence (Förster) Resonance Energy Transfer

1918  J. Perrin proposed the mechanism of resonance energy transfer

1928 H. Kallmann and F. London developed the quantum theory of resonance 
energy transfer between various atoms in the gas phase.  The dipole-dipole 
interaction and the parameter R0 are used for the first time.

1932  F. Perrin published a quantum mechanical theory of energy transfer 
between molecules of the same specie in solution. Qualitative discussion of the 
effect of the spectral overlap between the emission spectrum of the donor 
and the absorption spectrum of the acceptor.

1946-1949 T. Förster developed the first quantitative theory of molecular 
resonance energy transfer.

1924 E. Gaviola and P. Pringsham observed that an increase in the 
concentration of fluorescein in viscous solvent was accompanied by a 
progressive depolarization of the emission. 

1922  G. Cario and J. Franck demonstrate that excitation of a mixture of 
mercury and thallium atomic vapors with 254nm (the mercury resonance line) 
also displayed thallium (sensitized) emission at 535nm.



A Transmitter-Antenna Receiver-Antenna  Mechanism

∆E (*D® D)  =  ∆E (A ® *A) 
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Förster Resonance Energy Transfer (FRET)



Resonance Energy Transfer



Resonance Energy Transfer



Exchange vs Coulomb (Singlet-Singlet)



Exchange vs Coulomb (Triplet-Triplet)

Triplet-Triplet

Coulomb



k2 mutual orientation of the dipoles in space 

R = distance between donor and acceptor

n = refractive index of the solvent

fD = quantum yield of donor emission

tD = actual donor lifetime

= spectral overlap integral



= spectral overlap integral
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Förster theory predicts that kET for an energy transfer
via dipole-dipole interactions will be proportional to the

following quantities:

• The square of the transition dipole moment µD,
corresponding to the *D® D transition.

• The square of the transition dipole moment µA
corresponding to the A® *A transition.

• The inverse sixth power of the separation

between *D and A (i.e. 1/RDA6).



Dipole-dipole mechanism will be most favored for *D and A
pairs such that:

• The *D ® D and A ® *A processes correspond to a
large (spectral) overlap integral, J.

• The radiative rate constant, k�D, is as large as
possible.

• The magnitude of eA is as large as possible.

• There is a small spatial separation between *D and A.

• There will be a preferred orientation for which
energy transfer is most favorable.



kET  total( )∝ α Ψ D*( )Ψ A( ) He Ψ D( )Ψ A*( )
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Electron exchange

+ β Ψ D*( )Ψ A( ) Hc Ψ D( )Ψ A*( )
2 (
)

Electron dipole-dipole interactions

kET (Dipole-dipole)∝E
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Distance dependence, when it can 
be measured accurately, is a basis 
for distinguishing
energy transfer that occurs by 
dipole–dipole interactions from 
electron exchange
interactions, since the latter 
generally falls off exponentially 
with the separation RDA

D*  +  A D  +  A*



Differences between Förster (dipole-dipole interaction) and 
Dexter (electron exchange) energy transfer processes

• The rate of dipole-induced transfer depends on the oscillator 
strength of the *D ® D and A ® *A radiative transitions, but the rate 
of the exchange-induced transfer is independent of the oscillator 
strength of the *D ® D and A ® *A transitions 

• The rate of dipole-induced energy transfer decreases as R–6 whereas 

the rate of exchange-induced transfer decreases as exp–(2r/L).  
Quantitatively, this means that kET(exchange) drops to negligibly 

small values (relative to the donor lifetime) as the intermolecular 

(edge-to-edge) distance increases more than on the order of one or 

two molecular diameters (5-10Å)



A Theory of Sensitized Luminescence in Solids, D. L. Dexter, 
J. Chem. Phys. 21, 836 (1953)
Transfer mechanisms of electronic excitation, Th. Forster, 
Discussions Faraday Soc. 27, 7, (1959)  



1D* + A D + 1A*

1D* + A D + 3A*

3D* + A D + 1A*

3D* + A D + 3A*

Spin in Energy Transfer



1D* + A D + 1A*

3D* + A D + 3A*

Spin Allowed Energy Transfer Processes



*D D  (+ hν or ∆)kD

*D  +   A

*D   +   A

*D   +   A

D   +   *A

D   +   A

Chemical change

kET

kw

krxn

kQ =     kET +     kw +     krxn

Energy Transfer Efficiency

 
φ 

E T         =         
k E T   [ A ] 

k D     +     k Q   [ A ] 
        =         

k E T     [ A ] 

k D     +     ( k E T   +   k w     +   k r x n )   [ A ] 
                     



Energy Transfer: A Spectroscopic Ruler
L. Stryer and R. Hauhland, 
PNAS, 58, 719 (1967)

Efficiency of Resonance Energy 
Transfer Depends on the 

Distance



Resonance Energy Transfer Occurs at Longer 
Distance: A Proof



Making Use of Förster Resonance Energy Transfer



Osamu Shimomura Martin Chalfie Roger Y. Tsien

The Nobel Prize in Chemistry 2008
"for the discovery and development of the green fluorescent protein, GFP"



Triplet-Triplet Annihilation

Twice the 
energy of T1

S1

S0

T1

Esinglet

Etriplet

2 x Etriplet

 



Initial states Final states

*D(T1) *D(T1) *D(S1) *D(S0  



Properties of TTA in Solution
• The rate constants for TTA, kTTA, are generally very large.

• With laser light excitation, triplet state concentrations in excess of 10–5 M can be 
readily achieved. Thus, any triplet with lifetime of a few microseconds (a common 
situation) will undergo at least some TTA in fluid solution.

• The high sensitivity with which fluorescence can be detected makes TTA an easily 
observable process even when it is not the major mechanism for triplet decay.



Photochemical Upconversion: Sensitized 
TTA (or Sensitized Triplet Fusion)
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Upconversion Through 
Triplet-Triplet Annihilation



MLCT Sensitized Upconversion



MLCT Sensitized Upconversion


