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Forster Theory (FRET)

Th. Forster, Ann. Phys. (Leipzig) 6, 55 (1948)
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When is Férster (or Dexter) Theory
Applicable®




When is Forster (or Dexter) Theory §§§:
Applicable® o

1. Assumption of fully equilibrated excited donor.

2. Donor and acceptor have single electronic centers.

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

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

5. Assumption of macroscopic dieletric response.



Improving F8rster (or Dexter) Theory

1. Assumption of fully equilibrated excited donor

Nonequilibrium extension

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

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

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

Coherent resonance energy transfer

5. Assumption of macroscopic dieletric response.

Local field effects



Recent Theoretlical Advances

Multichromohporic Effects

H. Sumi, G. Scholes and G. Fleming

Quantum Coherence

R. Silbey, G. Fleming, J. Gilmore and R. H. McKenzie,
S. Mukamel, A. Aspuru-Guzik, G. Scholes

Local Field Effects
R. S. Knox, G. Scholes

Quantum Electrodynamics Formulation

D. L. Andrews



Nonequilibrium FRET
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Jang, Jung, and Silbey, Chem. Phys. 275, 319 (2002)



Multichromophoric FRET
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Jang, Newton, and Silbey, Phys. Rev. Lett. 92, 218301 (2004)
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B80O==B850 Energy Transfer

Theoretical Prediction based on FRET
0.13 ps!, Fleming et al., J. Phys. Chem. B 100, 6825 (1996)

Experimental estimate (Pump-probe spectroscopy)
1.5 ps (300 K) - Fleming et al., J. Phys. Chem. B 100, 6825 (1996)
0.7 ps! (4.2 K) - Sundstrom et al., J. Phys. Chem. B 101, 10560 (1997)



B8OO =B850 Energy Transfer 18 w,ft:n# ;r* .

Differ by about a factor of 5

l Average MC-FRET rate 0.7 ps (4.2 K)
d 1;’?' scale | .
i ~ R |

Ui = 6.5 —7.5D for e =1.5 — 2

, Experiment:
l".' ue- = 6.4 D, BChl in acetone
/ \‘u,\ Scherz and Parson, Biochim. Biophys. Acta,
0 — ' 0 ' T : > 766, 666 (1984)
ps’

Jang, Newton, and Silbey, J. Phys. Chem. B 111, 6807 (2007)



Experimental Evidences for Inelastic Effects | ¢
and Quantum Coherence

1. Torsional effects and distance modulation

Westenhoff et al., Phys. Rev. Lett. 97, 166804 (2006)

Evidence for torsional relaxation accompanying
energy transfer in polythiophene

2. Donor-acceptor quantum coherence
Yamazaki et al., J. Phys. Chem. A. 106, 2122 (2002)

Oscillation in time-resolved anisotropy
Engel et al., Nature 446, 782 (2007)

Collini and Scholes, Science 323, 369 (2008)

Evidence of coherence in 2D-electronic spectroscopy



Hp+ By

Inelastic FRET - Quantum Mechanical
Modulation of Donor and Acceptor Coupling

§

Inelastic effects can

D enhance the rate and change
the distance dependences.
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S. Jang, J. Chem. Phys. 127, 174710 (2007)



Coherent resonance energy transfer
H=H; + H; + Hg, + Hp
HJ = Ep|D)(D| + Ea|A)(4]
Hg = J(|D)(A[ +|A)(D])
Hg = Bp|D)(D| + Ba|A)(A]

Ep —FEa,J, Bp, and B4 are all comparable.

Fermi's Golden rule or Redfield equation becomes unreliable!



Polaron transformation - renormalizes
donor-acceptor coupling

h \ /‘

Dressed States

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

The coupling between dressed states can become much weaker.

Holstein, Feynman, Silbey, ...



Coherent resonance energy transfer
H=HJ+ H; + Hqo, + Hy
Hg = Ep|D)(D| + Ea|A){A
Hy = J(|D)(A] + |A)(D])
Hg = Bp|D)(D| + Ba|A)(A]

1. Polaron transformation -> renormalize system-bath coupling

2. Define the fluctuation of renormalized system-bath coupling as a
perturbation Hamiltonian

3. 2nd order quantum master equation (QME) with respect to
perturbation

Rackovsky and Silbey, Mol. Phys. 25, 61 (1973)
Abram and Silbey, J. Chem. Phys. 63,2317 (1975)



Coherent resonance energy transfer §§
H = HP + H° + Hy, + H, o
HY = Ep|D)(D| + Ea|A){(A]

Hg = J(|D)(A[ + [A)(D])
Hg = Bp|D)(D| + Ba|A)(A]

1. Polaron transformation -> renormalize system-bath coupling

2. Define the fluctuation of renormalized system-bath coupling as a
perturbation Hamiltonian

3. 2nd order non-Markovian quantum master equation (QME)
with respect to perturbation including the effect of
nonequilibrium initial condition

Rackovsky and Silbey, Mol. Phys. 25, 61 (1973)
Abram and Silbey, J. Chem. Phys. 63,2317 (1975)



Quantum Liouville Equation ) coeo
2ot | Hy =)  hwn(bibn + 3) 11
; - o0
B = — Z[HP + HE + Hy, + Hy, p(t)] :
dt h BD = Z hwngnD(bn + biz)

By = Z hwngn A (bn + bjl) Qxi‘:\\
™ (‘0

G = Z(b}; — b)) (gnp |D)(D| + gn,|A)(A|) - Generator of polaron transformation

n

(1) p(t) = er(t)e_G <= Density operator in the polaronic picture

dp(t)  izp e
— = —7[Hy + Hy + Hy, p(2)) Bp=Ep— Y @phun
P = Ep|DY(D| + Ea|A)(A Ba=Ea— Y gahon

H = J(0L0a|D)(Al +640p|A) (D)) Op =™ Zn o2t
QA — e En gnA(bL_bn)



di(t) .. A . .
(2) @P\t) _ Hr+ H £)] «== QLE in the polaronic
dt h[ o+ H, p(t). picture

Ho = HP + (HS) + Hy, = Ho , + H,
i, = B¢ — (A = J(B|D)(A| + BY|AY(D|) B =0p0a— (0p04)

pr(t) = e Mot/ Mp(t)e= Mot/
dpr(t) L7 ~ -~ QLE in the interaction
dt - ﬁ[Hl’I(t)’ PI (t)] and & polaronic picture

Hy 1(t) = J(BO)T(t) +BT(t)TT(t)) B(t) = eHot/h Be—iHot/h

T(t) _ Biﬁg,st/.’i'D) (A|B—iﬁ0,st/ﬁ

(3) Projection Operator == Quantum Master Equation

S. Jang, J. Cao, and R. J. Silbey, J. Chem. Phys. 128, 114713 (2002)



o1 (t) =T'ry {ﬁf (t)} <« Reduced system density operator
d

%61(@ = —’R,(t)&I (t) + I(t) <+ Quantum Master Equation




~ ~ o000
G"I(t) =TTy {PI (t)} <« Reduced system density operator eeee
d . ~ e00
ﬁgf(t) = —R(t)o1(t) +Z(t) <= Quantum Master Equation it
2 ﬁhwn . .
2nd order approx. K(t) = Z5gn{coth( ) cos(wnt) — isin(wnt)}, 09n = GnD — gna

2

R()51(t) = %em’) /0 dr {(e7*0=) —1) ([T(), T(M3:1(H)] + [T1(#), T (1)1 (1)])

H(D = 1) (T 0), T(1 () + [T(), T (D51 (B)) | +H. C.

T(t) — eiﬁg,st/h|D> <A|e—iﬁ0,st/ﬁ

S. Jang, Y.-C. Cheng, D. Reichman, and J. D. Eaves, J. Chem. Phys., 129, 101104 (2008)
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C"I(t) =TTy {PI (t)} <« Reduced system density operator eeee
d . ~ eo0o0
%Uf(t) — _R(t)af (t) + I(t) <+ Quantum Master Equation :‘
2 ﬁhwn ..
2nd order approx.  K(t) = dg2{coth( 5 ) cos(wnt) — isin(wnt)}, 8Gn = gnb — gna

R()51(t) = %em’) /0 dr {(e7*0=) —1) ([T(), T(M3:1(H)] + [T1(#), T (1)1 (1)])

H(D = 1) (T 0), T(1 () + [T(), T (D51 (B)) | +H. C.

,0(0) — U(O)B_ﬁHb/T?"{G_/SHb}, 0.(0) — |D> <D| f(t) _ 6272 > ., 9nDOGgn sin(wnt)
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+Fa) (&, )T (8), TT(r)o(0)] + Fray (¢, )T (1), T (7)o (0)]} + H. C.

Fuy(t,m) = (f@) f(7) — 1)e ) — f(t) — £(7) + 2
(t,7) = (F(=0)F (1) = )T — f(=t) — f(7) + 2
(F@&) (=) = DT — f(t) — f(-7) +2
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S. Jang, Y.-C. Cheng, D. Reichman, and J. D. Eaves, J. Chem. Phys., 129, 101104 (2008)
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Coherent initial condition

p(0) = a(0)py = |1){I|py

. Linear superposition of donor and
|I> =Ip |D> T IA|A> acceptor excitations

d _ ~
—01(t) = —R(£)51(t) + Z(1

I(t) = —“an(t)[:f‘(t),az(on

J2

3 dTZ{f(m (t, [T (t), T(1)]5:(0) + Fiz) 1(t, )T T (t), T (7)]5:(0)

+F (3t )T (), TH(1)]5:(0) + Frayu(t, 7)[T'(t), T (1)]5:(0 )} +H.C.

C1(t) = w(fp(t) — 1)
Fayat,7) = w*{(fp(t) fo(r) = e ™7 — fp(t) — fo(r) + 2}

fD (t) — 621. Zn Inp 8gn sin(wy,t)
= Z 5gi{coth(ﬁ
S. Jang, J. Chem. Phys. Submitted (2009)

hw ..
5 %) cos(wnt) —isin(wnt)}, 6gn = gnD — Gna



Sensitivity of early
nonequilibrium population
dynamics on details of
nitial condition!

— Full [
==- wiol{t) |

” 3l w2
Taw) = Y00 — wnlolgh, = Lo
Te(w) = = D8 — wn)hgnons = 5 p¢
J n 0.9
D +Ne =Na+ Ne = z:
Ep —Ex=1 09f

Uniats:




o w I

_ D% /w,. o o000

25 (W — wn)wngn, = 3! wge Less sensitive for eee
AW degenerate donor °

0(w — Wn)wnbn, = or —5€
Z n) ndnp 3! wg and acceptor

3 . . .
W
Te(w) = — E ' 6(w — W)Wl GnpGna = % = o—w/we excitation energies
- c

— Full u
-—- wloI(t) 7
=+ FRET |[]

J =1
Mp +Ne=nNa+n.=1

ED:EA T \: | : |

1) = Ip|D) + 14]A)

10 15

Uniats:



(YY)
- HE
d(w—w = o g€ v
Z n) ngnD 3! w§ Smaller donor-bath ::.
= 200 —nil, = = A2 e/  couplingresultsinmore | §
. .
3w ) population transfer
Ne W™ _/w,
jc(w) — — Z(g(w — wn)wngannA - g@e /

J =1

na =1

np +2n. = 1.5

Ep—FEa=1 N T —

1) = Io|D) + T4l A) ?

Units: We =h=kgT =1



: 000
The same sign of o000
_ bW~ 4w 0000
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summary

Incoherent Quantum Kinetics

Nonequilibrium,
Multichromophoric, and

Inelastic generalization of FRET

Coherent Resonance Energy Transfer
QME with polaron transformation
- General spectral densities with common modes

- Non-Markovian bath

- Coherent Initial Condition
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