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bridge mediated excitation energy transfer
single molecule speciroscopy

p— — R. Metivier, F. Nolde, K. Mullen,
and Th. Basche,
PRL 98, 047802 (2007).
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Trends in the Theory of
Molecular Excitons

- quanfum chemical foundation of exciton models
- mixed quantfum classical description
- infrared spectroscopy of oligopeptides (Cho, Mukamel, Knoester,
Stock, 2003 - 2008)
- excitation energy transfer dynamics in DNA strands (Markovitsi,
2003 - 2006)
- hybrid systems (Prezhdo, 2007)

Gorbunov et al., JCP 126, 054509 (2007)

o [cm'1]

FIG. 9. Comparison of experimental (Ref. 39, green dashed line) and cal-

FIG. 1. Scheme and atom labeling of trialanine cation A; culated amide I absorption spectra of trialanine. The latter were obtained
directly from semiclassical line-shape theory [via Eq. (5), thick black line]
and by invoking adiabatic and cumulant approximations [via Eq. (8), thin
red line].



Electron Nuclei Dynamics in Molecular Systems

molecular Hamiltonian  Hyyo) = Thue + Ha(R)
adiabatic electronic states  Ho(R)p.(r; R) = Uy, (R)p,(r; R)
expansion of the molecular wave function  ¥(r, R;t) = %XG(R, t)pa(r; R)

time—dependent Schrodinger equation of the nuclear motion

0 .
maXCL(Ra t) = (Te + UalR))Xa( R, 1) + % OurXp(12, 1)

problems:

—— huge number of coordinates

—— study of thermal ensembles

—— coupling to a solvent or other types of condensed phase environment



reduced quantum dynamics
reduced density operator

p(t) = [dR (RIW()|R) = tru{W(t)}
electronic density matrix — density matrix equations

pab(t) = (Lalp(t)|on)

state population — master equations

Pa(t) = paa(t)

mixed quantum classical dynamics
quantum mechanical description of the electrons — ,(r; R)
classical description of the nuclei — R(t)

ih 0 8(r, R(1):1) = Ha(R(E)6(r, R):1)



Frenkel Exciton Model




Standard Exciton Model

ordering with respect to the excitation manifolds

Ho=HY +HMW + 1) + HZ +

site representation: |@.,) = |©me) Tntm |Png)
—> perturbation theory with respect to the excitonic coupling

Hé}? — n% (5m,n[Tnuc + Un, ( >] + [1 - mn] mn( >>‘¢m><¢n‘

harmonic model for all vibrational coordinates

Hé}? = %:n OmnEom + [1 — O] J$%>‘¢m> (Dn] + %hwg(fgcg %% D) (P

+ > Zhwfgmn<§)(cf + Og>‘¢m> (o

mng

exciton representation |a) = =, Cp(m)|dm)
—> perturbation theory with respect to the exciton—vibrational coupling

HY =5 (€ + ShoCF COla) ol + £ = huggusl€) (Ce+ Cla) (8



Transfer Regimes

intramol. interaction —p

intermol. inferaction —p



nsity Matrix
Theory

PES545 (Rhodomonas CS24) LHCII (Spinacia olearia) Chlorosome (Chl. aurantiacus)

- two-exciton manifold

- exciton state populations,
coherences,

- appropriate to compute ultrafast
optical spectra

- account for static disorder {

- consideration of weak exciton s mp sy =
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Density Matrix Theory of Excitons

—> perturbation theory with respect to the exciton—vibrational coupling
most appropriate when optical excitation is explicitly accounted for

exciton density matrix (dissipative part in secular approximation, Lindblad-form)

Pas(t) = <Oé‘t1"vib{W(t>}w>

equations of motion

0 .
g1l = —i8dapPas — Oap §(kwvﬂw — ky—apyy)

/[: £
—(1 = dap)YapPas + ﬁE(w(daPOB — djpa0)

transition rates

Ka—p = 2779(216(1 + n($20p)) 2 \C&(m>05(m>\2[<]m(ﬂ&g> — Jin(—$p)]



Rate Equation Approach

HE S
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- focus on state populations

- inappropriate to compute
ultrafast optical specira

- higher-order perturbation
theory with respect to other
couplings

- consideration of strong
exciton-vibrational coupling
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Rate Theory of Excitation Energy Transfer

exciton representation <= site representation
site representation = perturbation theory with respect to the excitonic coupling

second—order rates: Forster—transfer

higher—order rates: intermediate state mediated excitation energy transfer (photon

mediated transfer, bridge molecule mediated transfer, Dexter transfer as two electron
exchange)

molecular excited state population

Pm(t> — <¢m‘tr{W(t>}‘¢m>

generalized master equation

0

apm(ﬁ - mz;:én/dt_(Kmen(ﬂPm(t o £> o Kn%m(apn(t o £>>



Mixed Quantum
Classical

¥ Description
5

Th. Renger,
J. Chem. Phys. 128, 154905 (2008).

H. Zhu, V. May, and B. Roder,
Chem. Phys. 351, 117 (2008).

16 pheophorbide-a molecules covalently H. Zhu and V. May,
linked to a butanediamine dendrimer in Springer Series in Chemical Physics
methanol (Springer-Verlag, 2009).



Extended Frenkel-exciton model

- account for permant charge
distribution in the ground

and excited state

- exact consideration of the
excitonic coupling

- coupling to solvent molecules

atomic centered partial
charges (transition charges)




single chromophore excitation energies
and excitonic couplings

(coupling to solvent molecules
neglected)
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adiabatic (instantaneous) excitons

energies, oscillator strengths, and expansion coefficients
(coupling to solvent molecules has been neglected)
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Adiabatic exciton energies and oscillator
strengths (data have been computed every Square of adiabatic exciton expansion
0.5 ps within a single 1 ns MD run) coefficients, taken at every 0.5 ps



Mixed Quantum Classical Theory of Excitation Energy Transfer

Wigner representation of the density matrix for excitation energy transfer: p,,,,(R, P; 1)

Ehrenfest dynamics

ih 0 0(r. R(1):1) = Ho( RO B(E): 1
My SR (1) =~ (B(R() )| Ho RO (R 1)

e exact account for excitonic coupling and exciton vibrational interaction
e back reaction of the electron dynamics on the nuclear motion due to a mean force
e excitation energy motion at fluctuating exciton parameters



expansion of the wave function with respect to locally excited states

O(r, R(t);t) = Ao(t)oo(r, R(1)) + X Ay (t)ou(r, R(t))

Ao(t) = (9ol UL (L, t0) [P (t0)) A(t) = (6| UL (L, 10)| D (40))

equations of motion for the expansion coefficients

i Aolt) = Uo(R(0) Au(t) — 3 5, ((VE(D) A
S A(6) = S ROV A1) — (DL A1)

Newtons's equations for the nuclear coordinates

Myg—;Ry(t) = —| APV U(RE) = 5, A5 (DAY, Uy (R(2))

- ground-state classical path approximation can be taken
- excitation energy transfer can be characterized the probability to have the chro-
mophore m in the excited state P,,(t) =< |A,,(¢)|? >



Excitation energy transfer dynamics characterized by the single chromophore
populations P_ (1) (P..(0) = 5., ,) and averaged with respect to a 10 ps time slice
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Relation to the Exciton Density Matrix Theory

mixed quantum classical version of the density matrix (in site representation)

Pin(l) = <¢m‘trvib{W<t>}‘¢n>

= < {@m(R(1))| x [O(R(2); 1)) (P(R(t); )] X [¢n(R(t))) >ther
= o (t) =< Ap(t) A5 (L) >ther

equations of motion (neglecting the coupling to the radiation field)

0,
aamn
= % < Uk >ther Okn(t) — %O-mk(t> < Uy >ther

—|—% < AumkAk(t>A;(t> = ther — % < Am(t>AZ(t>AUkn = ther

(1) = % < Ui Ar(D A () — A (8) AL (DU > ther

AZ/{mk — Umk_ < Umk > ther



Mixed Quantum Classical Theory of Time—Resolved Spontaneous Emission

quantum rate of ideal time and frequency resolved emission

t |
F(w;t) ~ Ret/ dt e @0 v
0

m,n,k

<ty { D () (] € D0 ) [ (dole P DM v}

density operator averaged with respect to photon states

wmn@) — <¢m‘trph0t{W(t> } | ¢n>

mixed quantum classical version of the rate

l , ~ _
Plw;t) ~Re [dbe ™0 < 5w A ) [de(t), ()] >mer
0

m,n,k

density matrix equations based on the classical path approximation

o, i
gl =3

% (Ut Win (t) — Wik Uin) — Dy (2, 20)
dissipative part Dy, (t,t0) = = (k

% kn ) wWinn ()



600 ps

Snapshots of P, in ethanol along 0.6
a 1 ns room-temperature MD run

800 ps

Ideal time and frequency resolved
emission spectrum of P,

(normalized by its maximum

and averaged by 10 MD runs

as well as a dephasing time of 20 fs).

The initial excitation corresponds to

an equal distribution of population and the
absence of inter chromophore correlations.
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