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Förster Theory (FRET)
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ThTh. . FörsterFörster, Ann. Phys., Ann. Phys.  (Leipzig) (Leipzig) 66, 55 (1948), 55 (1948)

Normalized emission of donorNormalized emission of donor

Molar extinction ofMolar extinction of
acceptoracceptor



Donor Franck-Condon factorDonor Franck-Condon factor

Acceptor Franck-Condon FactorAcceptor Franck-Condon Factor

S. Jang, S. Jang, J. J. ChemChem. Phys.. Phys.  127127, 174710 (2007), 174710 (2007)



When is Förster (or Dexter) Theory
Applicable?



When is Förster (or Dexter) Theory
Applicable?

1.1. Assumption of fully equilibrated excited donor.Assumption of fully equilibrated excited donor.

2. Donor and acceptor have single electronic centers.2. Donor and acceptor have single electronic centers.

3. No consideration of quantum vibrations of distance or angle.3. No consideration of quantum vibrations of distance or angle.

4. Incoherent quantum kinetics (No coherent return of4. Incoherent quantum kinetics (No coherent return of
population).population).

5. Assumption of macroscopic 5. Assumption of macroscopic dieletric dieletric response.response.



Improving Förster (or Dexter) Theory

1.1. Assumption of fully equilibrated excited donorAssumption of fully equilibrated excited donor

2. Donor and acceptor have single electronic centers.2. Donor and acceptor have single electronic centers.

3. No consideration of quantum vibration of distance or angle.3. No consideration of quantum vibration of distance or angle.

4. Incoherent quantum kinetics (No coherent return of4. Incoherent quantum kinetics (No coherent return of
population).population).

5. Assumption of macroscopic 5. Assumption of macroscopic dieletric dieletric response.response.

Nonequilibrium Nonequilibrium extensionextension

Multichromophoric Multichromophoric extensionextension

Inelastic extensionInelastic extension

Coherent resonance energy transferCoherent resonance energy transfer

LocalLocal  fieldfield  effectseffects



Recent Theoretical Advances

H. H. SumiSumi, G. , G. Scholes Scholes and G. Flemingand G. Fleming

Multichromohporic Multichromohporic EffectsEffects

Quantum CoherenceQuantum Coherence

R. R. SilbeySilbey, G. Fleming, J. Gilmore and R. H. McKenzie,, G. Fleming, J. Gilmore and R. H. McKenzie,

S. S. MukamelMukamel,,    A. A. Aspuru-GuzikAspuru-Guzik, G. , G. ScholesScholes

Local Field EffectsLocal Field Effects

QuantumQuantum  Electrodynamics FormulationElectrodynamics Formulation

R. S. Knox, G. R. S. Knox, G. ScholesScholes

D. L. AndrewsD. L. Andrews



Nonequilibrium Nonequilibrium FRETFRET

Jang, Jung, and Jang, Jung, and SilbeySilbey, , ChemChem. Phys. . Phys. 275275, 319 (2002), 319 (2002)



Multichromophoric Multichromophoric FRETFRET

Jang, Newton, and Jang, Newton, and SilbeySilbey, Phys. Rev. , Phys. Rev. LettLett. . 9292, 218301 (2004), 218301 (2004)



B800     B850  Energy Transfer

0.7 ps0.7 ps-1-1 (4.2 K) (4.2 K) - -  Sundstrom Sundstrom et al.,et al.,  J.J.  Phys. Phys. ChemChem. B. B  101101, 10560 (1997), 10560 (1997)

18 Å18 Å

0.13 ps0.13 ps-1-1  , , Fleming et al.,Fleming et al.,  J.J.  Phys. Phys. ChemChem. B. B  100100,,  6825 (1996)6825 (1996)

1.5 ps1.5 ps-1-1 (300 K) (300 K) - -  Fleming et al.,Fleming et al.,  J.J.  Phys. Phys. ChemChem. B. B  100100,,  6825 (1996)6825 (1996)

Theoretical Prediction based on FRETTheoretical Prediction based on FRET

Experimental estimate (Pump-probe spectroscopy)Experimental estimate (Pump-probe spectroscopy)





ExperimentalExperimental  Evidences forEvidences for  Inelastic EffectsInelastic Effects
and Quantum Coherenceand Quantum Coherence

1. Torsional effects and distance modulation1. Torsional effects and distance modulation

Westenhoff Westenhoff et al., et al., Phys. Rev. Phys. Rev. LettLett..  9797, 166804 (2006), 166804 (2006)

Evidence for Evidence for torsional torsional relaxation accompanyingrelaxation accompanying
energy transfer in energy transfer in polythiophenepolythiophene

2.2.  Donor-acceptor quantum coherenceDonor-acceptor quantum coherence

Yamazaki Yamazaki et alet al., ., J. Phys. J. Phys. ChemChem. A. A. . 106106, 2122 (2002), 2122 (2002)

    Oscillation in time-resolved anisotropyOscillation in time-resolved anisotropy

Engel Engel et alet al.,.,  NatureNature  446446,,  782 (2007)782 (2007)

Collini Collini and and ScholesScholes, , ScienceScience  323323, 369 (2008), 369 (2008)

    Evidence of coherence in  2D-electronic spectroscopyEvidence of coherence in  2D-electronic spectroscopy



Inelastic FRET - Quantum Mechanical
Modulation of Donor and Acceptor Coupling

S. Jang, S. Jang, J. J. ChemChem. Phys.. Phys.  127127, 174710  (2007), 174710  (2007)

Inelastic effects canInelastic effects can
enhance the rateenhance the rate and  and changechange
the distance dependencesthe distance dependences..



Coherent resonance energy transfer

FermiFermi’’s Golden rule or Redfield equation becomes unreliable!s Golden rule or Redfield equation becomes unreliable!



Polaron transformation - renormalizes
donor-acceptor coupling

The bath degrees of freedom coupled to donor andThe bath degrees of freedom coupled to donor and
acceptor can be included in the newly dressedacceptor can be included in the newly dressed
((cloathedcloathed) donor and acceptor states.) donor and acceptor states.

TheThe  coupling between dressed states can become much weaker.coupling between dressed states can become much weaker.

Holstein, Feynman, Holstein, Feynman, SilbeySilbey, , ……



Coherent resonance energy transfer

1.1. Polaron Polaron transformation --> renormalize system-bath couplingtransformation --> renormalize system-bath coupling

2.2. Define the fluctuation of renormalized system-bath coupling as aDefine the fluctuation of renormalized system-bath coupling as a
perturbation Hamiltonianperturbation Hamiltonian

3.3. 2nd order quantum master2nd order quantum master  equation (QME) with respect toequation (QME) with respect to
perturbationperturbation

Rackovsky Rackovsky and and SilbeySilbey, , Mol. Phys.Mol. Phys.  2525, 61 (1973), 61 (1973)

Abram and Abram and SilbeySilbey, , J. J. ChemChem. Phys. . Phys. 6363, 2317 (1975), 2317 (1975)



Coherent resonance energy transfer

1.1. Polaron Polaron transformation --> renormalize system-bath couplingtransformation --> renormalize system-bath coupling

2.2. Define the fluctuation of renormalized system-bath coupling as aDefine the fluctuation of renormalized system-bath coupling as a
perturbation Hamiltonianperturbation Hamiltonian

3.3. 2nd order 2nd order non-Markoviannon-Markovian  quantumquantum  mastermaster  equation (QME)equation (QME)
with respect to perturbation with respect to perturbation including the effect ofincluding the effect of
nonequilibrium nonequilibrium initial conditioninitial condition

Rackovsky Rackovsky and and SilbeySilbey, , Mol. Phys.Mol. Phys.  2525, 61 (1973), 61 (1973)

Abram and Abram and SilbeySilbey, , J. J. ChemChem. Phys. . Phys. 6363, 2317 (1975), 2317 (1975)



Quantum Quantum Liouville Liouville EquationEquation

- - Generator of Generator of polaron polaron transformationtransformation

Density operator in the Density operator in the polaronic polaronic picturepicture(1)(1)



QLE in the QLE in the polaronicpolaronic
picturepicture

QLE in the interactionQLE in the interaction
andand    & & polaronic polaronic picturepicture

(3) Projection Operator(3) Projection Operator                    Quantum Master EquationQuantum Master Equation

(2)(2)

        

S.S.  Jang, J.Jang, J.  CaoCao, and R. J. , and R. J. SilbeySilbey, , J. J. ChemChem. Phys. Phys. . 128128, 114713 (2002), 114713 (2002)



Reduced system density operatorReduced system density operator

Quantum Master EquationQuantum Master Equation



+ H. C.+ H. C.

Reduced system density operatorReduced system density operator

Quantum Master EquationQuantum Master Equation

2nd order approx.2nd order approx.

S. Jang, Y.-C. Cheng, D. S. Jang, Y.-C. Cheng, D. ReichmanReichman, and J. D. Eaves, , and J. D. Eaves, J. J. ChemChem. Phys.,. Phys.,  129129, 101104, 101104 (2008) (2008)
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S. Jang, Y.-C. Cheng, D. S. Jang, Y.-C. Cheng, D. ReichmanReichman, and J. D. Eaves, , and J. D. Eaves, J. J. ChemChem. Phys.,. Phys.,  129129, 101104, 101104 (2008) (2008)





S. Jang, S. Jang, J. J. ChemChem. Phys.. Phys. Submitted (2009) Submitted (2009)

Coherent initial condition

……..

Linear superposition of donor andLinear superposition of donor and
acceptor excitationsacceptor excitations











Summary

Incoherent Quantum KineticsIncoherent Quantum Kinetics

NonequilibriumNonequilibrium,,

MultichromophoricMultichromophoric, and, and

InelasticInelastic  generalization of FRETgeneralization of FRET

Coherent Resonance Energy TransferCoherent Resonance Energy Transfer

QME with QME with polaron polaron transformationtransformation

-- G General spectral densities witheneral spectral densities with    common modescommon modes

--  Non-Markovian Non-Markovian bathbath

--  Coherent InitialCoherent Initial  ConditionCondition
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