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Photosynthetic energy transfer

o central physical process during the primary steps of
natural photosynthesis

e LH antenna = pigments (e.g. chlorophyll) + protein matrix

Energy transfer Electron transfer
I e light absorption and energy transfer
4 nght Acceptor (transport of Frenkel excitons) in
antenna;
energy delivery to the reaction center
(RC)

e primary electron transfer in the RC

e energy stabilization by a redox cascade
(electron transport)

e synthesis and export of stable products

Light harvesting antenna Donor
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he dawn of quantum bio

Evidence for wavelike energy transfer through
quantum coherence in photosynthetic systems

Gregory S. Engel?, Tessa R. Calhoun'?, Elizabeth L. Read"?, Tae-Kyu Ahn'?, Tomas Mangal“1,
Yuan-Chung Cheng"? Robert E. Blankenship®* & Graham R. Fleming"?
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o theory predicts ~50 fs

@ everything happens in the “warm,
wet and noisy environment”

Intensity (arbitrary units)

@ origin of coherences observed?

100 200 300 400 500 600 .
Population time (fs) "] hOW dO they peI‘SISt?

@ coherences and evolution?
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Questions that we address

@ expt. signal <> nonlinear polarization PG
e theoretical nonlinear spectroscopy
o the state of an initially unexcited antenna under different
excitation conditions (weak excitation)?
o density matrix theory including the photoexcitation step
e interaction with the environment may not be weak,
reorganization processes may not be fast
o Redfield and Férster may not work
o excitation by pulsed coherent light (in laboratories)

(o) = (£0), (50,

single-particle part
classical factorization

e excitation by continuous incoherent light (in Nature)
(=) +) — (=) (+)
o (BEQ(m)ED(m)) =3(E (m)ED(m))

two-particle correlations
quantum fluctuations
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Results 1

xact excitonic dynamics under driving

@ second-order treatment of the interaction with light
@ exact treatment of the exciton—environment interaction
e generalization of the Feynman—Vernon influence functional
theory for systems subjected to weak driving
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Jankovié and Mané&al, J. Chem. Phys. 153, 244122 (°20).
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Novelty: Exact evolution superoperator

ﬁg‘)i(t,m,n): 1+ LN + VA Vi T —
JaVa\ + . + J7a\ +
v VN (AN, 4
Ty -
NN,
AN, (TN, A
VN XN, A, ]
ﬁg&(tﬂz,ﬁ)ﬂfexp[ N + A W LA ]

Jankovié¢ and Mané&al, J. Chem. Phys. 153, 244122 (’20).
e phonon-assisted processes of an arbitrary order

e circumferences represent C;(s2 — s1)

e straddling diagram (phonon assistance starts in eg, and
ends in ee)
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Novelty: HEOM + photoexcitation

one usually solved the ee sector only (ultrafast excitation)
solving the eg sector is simpler (one-sided objects, WF-like)
valid for both coherent and incoherent light

may be solved in any basis (local, excitonic, etc.)

Jankovi¢ and Mané&al, J. Chem. Phys. 153, 244122 (’20).
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Asymmetric photosynthetic dimer and preferred basis
% WC; TC ° <J/\4\>SS — TI'M{]/\ZPSS}
> —
§° X, ***** 1Acoy e the basis in which (M)** is
= g 0 . most naturally computed is
L g T*c the eigenbasis of p**
rec R
Trec o the preferred basis
NN o steady-state coherences can
AT be eliminated from (M)%*
o V-type system o factors determining

e incoherent (chaotic) light preferred basis

© generation

@ energy relaxation
o delivery to the RC © recombination

Q extraction at RC

@ recombination

@ iterative procedure to solve
for the steady state p*®
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itonic basis <> preferred basis
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e slow delivery (1rc 2 20 ps)
° Apz —0
o O, originates from the
excitation—environment
entanglement

010

Trapping Time (ps)

o fast delivery?

Reorgmizaion Energy (e Jankovié and Mantal, J. Chem. Phys. 153, 244110 ('20).
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Relation between time-dependent and stationary picture

time evolution steady state
incoherently driven ul S5 i j
1ol r T ~ incoherently driven
initially unexcited P ( RC) P initially unexcited
unloaded (no rec, no RC) loaded (rec, RC)
1. 80'01 _______ S B —
NS SR osf g
2 osf £ )
£ o 15 & e ba ob b
= B b1
g0 BE] <
£ oo 5 -0.51 E
05 T 15 2 25 4 o[ 05 15 5 25 3 ] 3 5 10
Time (ps) Time (ps) TR (PS)
ultrafast beatings from time-dependent data  from steady-state data

extracted at t = TRC

@ crucial: the hierarchy of time scales
o TET K TRC K Trec

Jankovié and Mané&al, J. Chem. Phys. 153, 244110 (’20).
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Epilogue

o we formulate an exact description of excitonic dynamics in
molecular aggregates weakly driven by light of arbitrary
properties

o we examine the state in which the aggregate finds itself
when subjected to continuous driving, excitation delivery,
and recombination

e steady-state electronic coherences can be eliminated by
transferring to the preferred basis

o slow delivery: like in unloaded aggregate, the interaction
with the bath singles out the preferred basis

o fast delivery: relation between time-dependent and
stationary picture

o ultrafast experiments are important because they tell us

about 7gT and determine minimal Trc above which
ultrafast artifacts are unimporant
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