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Overview

Part I: Light-harvesting & quantum coherence in biomolecular systems

1. Introduction: Excitons, dynamics, environment Spptenn H

<o H,
H$ (Eq{(;(l 4€u4vemalwt_r

2. Open quantum systems: System-Bath-Model

3. Path integral approach: Feynman-Vernon influence functional
4. Numerically exact: Quasiadiabatic Propagator Path Integral (QUAPI)

5. Application: Fenna-Matthews-Olson (FMO) complex
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6. Experiment: 2D nonlinear spectroscopy D000 @
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Overview

Part II: Role of vibrational modes & vibronic coupling

1. Small dye molecule: strong coupling to vibrations
2. Electronic vs vibrational vs vibronic coherence

3. Role of coherence on exciton transfer efficiency
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4. Can long-live vibrational coherence enhance exciton coherence?

5. Can strong exciton coherence enhance vibrations?

6. Can strong vibronic coupling speed-up exciton transfer?




Overview

Part Ill: FGOrster transfer in molecules with orthogonal dipole moments

1. Dye molecules with orthogonal dipole moments: no dipole coupling

2. Role of angle fluctuations: induce fast transfer

3. Presence of vibrations of molecular backbone

Part IV: Exciton transfer & conical intersections

1. Vibrational coherence at a conical intersection:

overdamped / underdamped

2. Holstein & Peierls phonon viewed at conical intersection
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N

i =
N o

Energy capture petyear: 160 TW

Human energy consumption per year: 15 TW

——

3 :-u..‘-; » ,i, H\‘hx

6CO>

| Carbon dioxide



Photosynthesis
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Light-harvesting in plants

molecular structure
of membrane

Stack of membranes = =

r'f ; ;

Chloroplast \ *= <233 AT

Blankenship, Molecular Mechanisms of Photosynthesis



Light-harvesting in plants

A structural phylogenetic map for chloroplast photosynthesis
John F. Allen, Wilson B. M. de Paula, Sujith Puthiyaveetil, Jon Nield

School of Biological and Chemical Sciences, Queen Mary University of London
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Energy transfer in biomolecules

¢ Molecular structure often
ring-shaped
e Photon => Exciton
e Transfer of excitation energy
e Different ,hopping“ time
scales:
100 fs to few ps

LH-2 antenna complex of Rps. Acidophila
K. Schulten, UIUC

LH1 - RC

Blankenship, Molecular Mechanisms of Photosynthesis



Energy transfer in biomolecules

A physicist’s view:
w formation of an exciton (quasiparticle, bound e-h pair)
w radiationless transfer of excitation energy on a network of
molecular sites via dipole coupling
w final step: reaction center, energy sink = electron transfer

w Important: polar solvent or vibrational effects = fluctuations

_ Electron transfer
Reaction-

center

Photon .
Primary electron

acceptor
Reaction
.. center

Antenna

Mo pigment
S _:PHOTOSYSTEM molecules

Transfer
of energy

FMO complex



Forster mechanism (1946)

w EXciton wave function unperturbed by coupling
w Born-Oppenheimer approximation:
nuclel provide static potential energy surfaces for electrons
w Classical occupation probability
w quantum transfer rate in lowest order in coupling:

geometr. h [ Ro\°
k= RS 27T/ dE k§4<—1 kE—Z(E) ™~ <_>

— OO

---------------------------------------------

Donor Acceptor Th. Forster




Energy transfer in biomolecules

Are there nontrivial quantum effects in biomolecular energy transfer?

v classical ,,hopping*, or,
e quantum coherent wave-like energy transfer?

New field of quantum biology?

w fundamental: Role of quantum
coherence In energy transfer?

. Electron transfer
Reaction-

center
chlorophyll

Photon :
Primary electron

acceptor
Reaction
enter

Aharonov, Rohrlich, Quantum Paradoxes, Wiley-VCH

Antenna
pigment
molecules

Transfer
of energy

Quietschgriine Quantenwesen

FRANKFURTER ALLGEMEINE SONNTAGSZEITUNG, 30. JULI 2017, NR. 30
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Trivial vs. nontrivial

Are there nontrivial quantum effects in biomolecular energy transfer?
Septem Artes Liberales (,curriculum proper to a free man®)

v Tri-vium (three-fold way): Grammar, Rhetoric, Dialectic (Logic)
v Quadri-vium (four-fold way): Arithmetic, Geometry, Music, Astronomy

Trivial = Part of the tri-vium
= Basic




Biomolecular quantum coherence: Experiments

Fenna-Matthews-Olson protein:
,exciton wire*
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Chlorosome light-harvesting antenna complex
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Biomolecular quantum coherence: experiments

G. Engel et al. (Berkeley), Nature 446, 782 (2007)
v long-lived excitonic quantum coherence
v Up to 660 fs (system: 100 fs) & 555

A
b
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= dimensional electronic spectroscopy investigations of the FMO
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L . - 0
| = remarkably long-lived electronic quantum coherence playing an
808 71808 g important part in energy transter processes within this system.
g The quantum coherence manifests itself in characteristic, directly
818 818 ?, observable quantum beating signals among the excitons within the
= Chlorobium tepidum FMO complex at 77 K. This wavelike char-
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can explain its extreme efficiency, in that it allows the complexes to
- - sample vast areas of phase space to find the most efficient path.
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Biomolecular quantum coherence: experiments

w FMO @ room temperature: G. Panitchayangkoon et al. (G. Engel)

_ PNAS 107, 12766 (2010)
coherence time 300 fs
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Quantum transfer of excitation energy: exciton model

Dimer formed by two monomers:

w A single chromophore at site i: \gz> \67;> ° =
Bl

E, (1 0 9i —

= |

M= (0 —1) !

w Pair of chromophores with dipole coupling:

E E _ R

H:71 ;+7273+A(T$T§+Ty17y2) A= R3

(neglect doubly excited state, high energy!)

h h/\
Hg = §JZ+7% ¢ = By — B

Two quantum states:

1) =1




Quantum transfer of excitation energy: exciton model

Dimer In an environment:

fluctuating force ~ &(t)

e Protein-solvent environment:
e Polar solvent = dielectric continuum
e Protein host = discrete vibrational modes

e System-bath model



System-bath model

Hiot = Hg(t)+ Hp + Hsp

System . (for example) 2

Bath + interaction:

N N 1 'pz ; 2'
Hp =Y Hj@) =Y 5 | +me?(x — —5q)
; J ;2 m; R N mjwjz _

« set of uncoupled harmonic oscillators
* bilinear coupling to the system
 effect of bath can be strong since (infinitely) many oscillators couple to system

Initial condition: W (ty) = ps(ty) ® p%

* required for dynamics
e uncoupled at t=0
 Instantaneous switching on at t=0+

pp = Zg " exp (—FHp)



Quantum Langevin equation

Heisenberg equations of motion:

al c; ad Insert here
/
S . —
ystem Mq(t) +V'(q,t E :m]w E :CJXJ
g=1 g=1
Bath: mjfcj (t) + mjw?Xj (t) = qu(t) : 7 =1, ,N

/
harmonic oscillator driven by the system displacement, solution:

p;(to) . C; /t .
Xi(t) = X;(tg)cosw;(t —tg) + ——=smw;(t —tg) + dssin [w;(t — s)|q(s
J() .7( O) J( ) m;w, J( ) mjw; Jy [ J( )] ( )

cj p;(to) .
= [xj(to) — mjijf. q(to) | cosw;(t —to) + W‘ijj sinw; (t — to)
o [ aseosliy(t - 9lat) + a0
— scos [w;(t — s)]q(s q
mjw? Jy, J m]wj2

Result:
= My(t - s)

t N 2
/\/léj(t)—l—/t ds [Z mi}

j=1

p;(to)
m;w;

NE

Cj [Xj (t()) COS Wj (t — to) +

= T(1

5 cosw; (t — s)} a(s) +V'(q,t) =

J 1

S.
I

sinw;(t —to)



Quantum Langevin equation

Heisenberg equations of motion:

N 2 N
C; Insert here
system:  Mq(t) +V'(q,t) +q(t I =) cixi(t) <«
ystem: MA(1) +V'(@8) +al) D g =D ey (0
j=1 7o g=1
Bath: /mjj'cj (t) + mjw?Xj (t) = qu(t) : 7 =1, ,N
harmonic oscillator driven by the system displacement, solution:
x;(t) = x;(to) cosw;(t —to) + p;(to) sinw; (t —to) + = /t dssin |w;(t — s)| q(s)
m;w; mjw; Ji,
= seoqpy - G oy Pilto) o
= [xj(to) jw?q(to) cosw;(t —to) + " sinw; (t — to)
s /td w;(t = )] a(s) + —a(t)
mjwjz ; S COS |W; s)ql(s mjw?q

Result: Quantum Langevin equation

Mq(t) + M /t ds~y(t —s)q(s) + V'(q,t) = T'(t) — M~y(t — to)a(to)



Quantum Langevin equation
t
Mq(t) + M [ ds~(t —s)a(s) +V'(a,t) = L(t) — My(t —to)alto)

to

Operator-valued stochastic force, since drawn from thermal ensemble:

Z C; [X] to) cosw;(t — o) + I;ffjj) sinw; (t — to)
Gaussian statistics: 1. Mean: (I'(t))g =0
2. Variance:  Bath autocorrelation function:
mysy (s (to)elfo))p = (B (t0)p(to))p = 5 coth “
(xj(to)Pr(to))s = —(Pj(to)xk(to))s = 7353%%

hwjﬂ

cosw;(t —s) —isinw,;(t — s)

<F(t — S+ to t() B — = h [COth
Z T



Bath spectral density

All bath parameters come in a specific combination: Bath spectral density:

_ 7 € o due to non-commuting
Jw) = 2 ; MW, Ow =) position & momentum
. . 1 [ w3 .
Continuum limit: (L(¢)L'(s))s = AL(t — s) = — dw J(w) |coth —,  cos wt — 1 sin wt
T Jo
weight function thermal Green'’s function

_ of a single harm. oscillator
Damping kernel:

2 >~ J(w)
v(t)—m/o dw » cos wt

Damping becomes Markovian:

Simplest case: Ohmic bath: J(w) = Mryw e~ @/we V(i —s) =276(t — s)
Dielectric environment: J(w) o (Au)zlmz(e(w) — %)

2¢(w) + €,
Localized vibration mode: J(w) x §(w— Q)

Quantum Langevin equation is impractical (Heisenberg picture)!
Alternative: Schrodinger picture: Feynman-Vernon influence functional



Path integral approach to open quantum systems

Full density operator of system+bath at time t in coordinate space:

(qre| W (t)|grat) = (geae[U(t, o) W (t0) U (2, to) lgit)

N N
= /indqi/ 1] dosi || do)1U (e, s, 8 a1, 1, t0) {ass [ W (o) |l ) U™ (qf, 5, 5 gl o)
j=1 j=1

with propagator as path integral:

it
Ul(qs, xs, t; qi, i, to) = (qrxs|T exp {_ﬁ/ ds H(S)} lg;x;)
to

(to)=as j=1"7j(to)=x;;

q(t)=qs N o rai(t)=a; ¢ ; N
q pt

with the classical actions:

Ssfal = [ s { 506 - Via(s).0)}

Sulg.z;] = [ ds § Ba30s) = alloy(s) - —Lyalo)?

to




Path integral approach to open quantum systems

Bath d.o.f. not under control & not of interest. average over them:

Reduced density operator in system Hilbert space: ~ p(t) = trg W (t)

possible, since

p(gs, g, t) H/da;]f (qee|W (1) | g action _qua_dratlc:
Gaussian integral

:/dql/dql,g(q:faqg?taQI7Q1/7tO)IOS(QI7Q1,7tO)

/ / q(t)=qs q' (t)=q; / i / /
G(qe, qs t; i, g5, to) = / DQ/ Dq' exp {ﬁ (Sslql — Sslg ])} Frvig, q |
q q

(to)=ai "(to)=q]

Feynman-Vernon influence functional.

Fevlg, '] = — L drvia,q’]



Feynman-Vernon influence functional

Fevlg, '] = o~ 7 Prvia,q’]
with

Prvig, q'] = /t dt’ /t dt"{q(t") = ¢' (") H{n(t" = t")q(t") —n"(t" = t")q' (")}

with integral kernel

n(t) = L(t) + i5(t)% /OOO dw Jw)

W
¢ q -é/
N ¢ <
— o —= — > > (? forward
< \\ | ,, Ve ,
NP S Sy 9 backward
_ell -6 { -é 1

Consequences of bath fluctuations:
 time correlations between paths of system dynamics
e complex correlation function



Quasiadiabatic propagator path-integral

N. Makri, J. Math. Phys. 36, 2430 (1995)

Time discretization (as usual) [, . i
l L § [ { ¢ | s U l
o

«—contains Hg + Hgp
QUAPI in 3 steps: H(¢) = Hs(¢) + Hg

1. Step: Symmetric Trotter splitting of short-time propagator:

U(lkt1,tk) = exp(—iHgAt/2h)Ug(l1, tr) exp(—tHpAl/2h)

General time-ordered system propagator I

N Aas / /
Us(tk_|_1,tk) =T exp {_ﬁ/ dt Hs(t )}

172

Trotter error: .
~ O([Hg, Hs, Hg||At”)



Quasiadiabatic propagator path-integral

N. Makri, J. Math. Phys. 36, 2430 (1995)
Time discretization (as usual)

I g . |
l | § | [ § 1 l
o

N

H(t) _ HS (t) X H «—contains Hg + Hgp

1. Step: Symmetric Trotter splitting of short-time propagator:

Short-time propagator factorizes:

N
(qIL2;|U(tgr1, tr)|q xh) = (q|Us(ths1, te)lqd’) H g;j\e—iHa‘(Q)At/%e—ng’(q’)At/%

k

. System coordinate treated quasi-adiabatically
U sl > Quap

a(t)




Quasiadiabatic propagator path-integral

N. Makri, J. Math. Phys. 36, 2430 (1995)

Combine to full propagator from initial to final time (use completeness...)
& carry out integration over bath d.o.f. (partial trace):

Reduced density operator at time t:

p(gs, g5 1) /dqo /qu/dqo /qu (gt — qn) 0(qs — qn)

X (qn|Us(t,t — At)|gn—1) - .- (q1|Us(to + At, to)|qo)
x {qo|ps (to)]a6) (q6|Ug (to + At to)|qh) - {gy_11Ug (¢, t — At)|gy)

N
X F](J’V)(qmqg)aaq}\fa(ﬁ\f)

discrete Feynman-Vernon influence functional:
( N Lk )

N —\ \ *
\ k=0 k’=0 /

J— T(t L t/ Remember: o y
Nkk [\Yk k) 77(t):L(t)jLz‘(S(t)g/O de( )

s

W



Quasiadiabatic propagator path-integral

N. Makri, J. Math. Phys. 36, 2430 (1995)
2. Step: Cut memory when it is negligible:

For any finite temperature: memory decays exponentially,
l.e., there exists a memory time scale!

4 Tmem:KAt

0.2+ — Re, hwc/kBT%OO
— Re, hwc/]{?BT:10

ldea: neglect memory when it is
small enough for convergence!

L(t)

c Remember:

1 [ h
L(t) = — dw J(w) |coth fwop coswt — i sinwt
0 2



Quasiadiabatic propagator path-integral

2. Step: Cut memory when it is negligible:

N min{N,K}

N
Fi (g0, - dn) ~ [
k=0

N. Makri, J. Math. Phys. 36, 2430 (1995)

Trmem — KAt

]- / * /
exp {_ﬁ 9k — Gl [k i — nkk’qk’]}

— Re, hw./kpT — o
— Re, hwc/kBT: 10
—- Im

In_practice: increase K until
numerical convergence Is
- established

10
Remember:

N k
N 1 .
'7:1(?\/) (g0, -, qy) = exp {_h Z Z A nkk’q;c’]} :
k=0 k’=0



Quasiadiabatic propagator path-integral

N. Makri, J. Math. Phys. 36, 2430 (1995)

lterative tensor multiplication scheme:

p(Qaqlat)Epk(kaq;c) » Ak(Qka°'°7QI/c—|—K—1)

reduced density matrix reduced density tensor
(local in time) ’ (depends on memory)

propagate numerically: iteration:

A1 (Qrt1s o Gy ) = /ko/ko’Ak(QIm---7QI/<-|-K)Ak(Qka---7QI/<—|—K—1)

with propagating tensor:

K
_ 1 «
Ar(qrs s Qg ic) = (@t 1| Us (Err1, )| ) (0, [ Usg 1(tk+17tk)|q;c—|—1> H CXp {—ﬁ[% — qp) [ arr — Ukqu;c/]}
k'=0

o o 1 *
Atfinal time:  p(qf,q},t) = An(qs,q} G -y §) exp {——[Qf — qfllnvnar — UNNQ}]}

h



Quasiadiabatic propagator path-integral

N. Makri, J. Math. Phys. 36, 2430 (1995)

3. Step: Discrete variable representation

dimension of system
Hilbert space

/qu/qu/... » %%

mr=1mj =1
continuous integration discrete summation in eigenspace of
In coordinate space system-bath coupling operator

1.3

Careful check for convergence: 11|

 Trotter increment as small as possible
 memory time as large as possible |
« optimum in between 141

0.9 —

M. Thorwart, P. Reimann, P. Hanggi, Rev. E 62, 5808 (2000) 1.2t

0.0 0.4 08 0.0 0.4 0.8



QUAPI: Verification & tests

Parametrically driven guantum dissipative harmonic oscillator

2
M2 2
Hs(t) = oM + 5 [w§ + e cos Qt]q

w,=1.0, ¢ =0, T=1.0, y=0.1, »,=50.0 Ohmic bath

1.2 + | | | | | | | ] Opp(t)

e e o —— === = — T
- ———

0.8 1

analytic result
---- QUAPI: M=5, K=4, At=0.2

0.4

No driving
0.0 s — : O, (0)

0 10 20 30 40

M. Thorwart, P. Reimann, P. Hanggi, Rev. E 62, 5808 (2000)



QUAPI: Verification & tests

Parametrically driven guantum dissipative harmonic oscillator

= X 7 : 51.4'},-..'
:l\ anscable '{' \ mstahla “" g‘v .:'
2 15 ' F waiie o 2 o
P /\/l 9 5 L \ l y { ¥
Hq(t) = — + —|wj + ecos Ot W : T ¥
S 0 - ) ) ¥
o™ - % O o —
=, mmable‘ft, / £l 6:..._- H
- W .3 :
T - ) _.v"’ﬁi‘;‘ E / E ;" — : -
J';y.'i; - i El‘.:, ‘J‘ :." —
R ke |
0,=1.0, £ =0.5, T=0.1, y=1.0, »,=50.0 Ohmic bath - N :
| | analytic result | | ®,=1.0, £ =0.5, T=1.0, y=0.1, ®,=50.0 Ohmic bath
---- QUAPI: M=4, K=4, At=0.25 — T T
—-—- QUAPI: M=5, K=4, At=0.25 1207 analytic result

- ---- QUAPI: M=5, K=4, At=0.25
10.0

8.0
6.0 -
4.0 r

20

0.0F

: . | - with driving, unstable
with driving, stable -2.0 R
-1.0 - ' - ' - ' - 0 2 4 6 8 10
0) 2 4 6 8 t
t

M. Thorwart, P. Reimann, P. Hanggi, Rev. E 62, 5808 (2000)



QUAPI vs. Hierarchy equation of motion

P. Nalbach, A. Ishizaki, G.R. Fleming, M. Thorwart, New J. Phys. (2011)

ve Dimer in an Ohmic bath:

Intersite Transfer Rate (1/ps)

=

© o o ©
S N B OO 00O -~ DN

GCORHE

— — Foerster
- 351 QUAPI

[ — full Redfield

occupation p,,

1

Reorganization Energy A (cm™)

10

100

I I T N NN NI I I NI o v AVE AT NN I AR B R B
0 100 200 300 400 500 600 700 800 900 O 100 200 300 400 500 600 700 800 900

time [f9]

A

J(w) = —we™w/we

e = 257w, = 1.3A,T = 52A, A = 40cm™* We

we = 53.1cm™ !, Ji5 = 100cm ™! = A/2

A = 35cm*



Other techniques (personal selection)

« Quantum Monte Carlo: stochastic sampling of path integral Egger, Mak, ...
(+: very general, numerically exact, -: sign problem in real time)

« Stochastic Schrodinger Equation & HOPS Djosi, Strunz, Eisfeld
(+: very general, very efficient, numerically exact)

e Hierarchy Equation of Motion Tanimura
(+: very general, numerically exact)

e Renormalization Groups: DMRG, NRG, fRG, ... Plenio, Burghardt, ...

* Flow Equation Kehrein
(+: numerical exact, -: limited to smaller systems)

« Time-Nonlocal Quantum Master Equations ~ Meir, Tannor, ...
(+: very efficient, -: approximative, weak coupling)

» Redfield Equation (Born-Markov master equation)  Rredsield, Bloch, ...
(+: very efficient, -: approximative, weak coupling)

« Analytical: NIBA, generalized master equation

(+: analytical, -: approximative/perturbative) | cqgett weiss, Grabert, Grifoni, Hanggi,...



FMO protein complex: Calculations

Nalbach, Braun, Thorwart, Phys. Rev. E (2011)

w Quantum dissipative exciton dynamics
v Monomer: 7 chromophore / sites

w Numerically exact path-integrals QUAPI
v Hamiltonian:

(240 —87.7 55 —5.9 6.7 —13.7 —9.9 \
315 30.8 8.2 0.7 11.8 4.3
0 —-535 —-22 —96 6.0

H = 130 —-70.7 —-17.0 —-63.3 |cm™*
285 81.1 —1.3
435 39.7

\ 245

Wendling et al. J. Phys. Chem. B (2000), Adolphs, Renger, Biophys. J. (2006), Renger, Marcus, J. Chem. Phys. (2002)



FMO protein complex: Calculations

Nalbach, Braun, Thorwart, Phys. Rev. E (2011)

v Bath spectral density (from expts. & calcs):

5 5
W [ W [
J(w)=0.5(c1—e” wivr 4 e, — e w/w2 0.22 w6 (w — 180C1’I1_1)
Wi W
30 | ".. | ll . \‘ | I | |
,{;’ : IR — Cho et al. Total ,,amount” of damping:
I ;'..-" ;‘ 'a_ A - AR(r=lem’) 7| reorganization energy
gl ML N — AR(=00Iem) | 0o
k= X "-..\\\ AR (y=5cm’) A\ = / dwJ (w)
= .. -\, — Ishizaki etal. Y) 0
3 ' “\"" AR (y=29cm )
3 10 e only background:
A = 35cm !
0 I I e Wwith broadened vib. mode:
0 200 400 600 4
m[cm-lj )\ — ]_OOCH].

Wendling et al. J. Phys. Chem. B (2000), Adolphs, Renger, Biophys. J. (2006), Renger, Marcus, J. Chem. Phys. (2002)



Dynamics of FMO site populations

Nalbach, Braun, Thorwart, Phys. Rev. E (2011)

w Phenomenological Ohmic bath spectrum (Ishizaki & Fleming)

sl ¢ 1= 300K
0.5 T Ey
7 e MRS S S
i o ¢ PRIt 2 T 5
0-3'"""1 | L | ] | —'f"' - | L L I — 0 L —1 _ —1
0 250 S00 750 O 250 S00 750 A =35cm 7, we = S0cm
tme [[s] lime [[s]
300 K: 350 fs 77 K: 700 fs

Ishizaki, Fleming, PNAS 106, 17255 (2009)



FMO protein complex: Calculations

Nalbach, Braun, Thorwart, Phys. Rev. E (2011)

w Measured / parametrized bath spectrum (Adolphs & Renger)

1 J | g | ' | g | : |
T =300K o9 Py
; p,,(0)-1 g P -

®

0.5 -mf 0.5
: :
O 0
L |
0.5 0.5 p11(0)=1 pee(0)=1
T= 77 K 500 fs 250 fs
A . e e T=300 K 200 fs none
b= P I b= e o B W s i
0 250 S00 750 0 250 SO0 750
time [[s] tume [[s]

w No exceptionally long-lived coherence
w Electronic coherence times as expected!



How ,,quantum” is the FMO exciton?

e Energy current: Nalbach, Braun, Thorwart, Phys. Rev. E (2011)

Define gm energy current operator 7 via continuity equation

%H(X,t) + div j(x,t) = 0

N N
v« Decompose Hamiltonian H =) & hi = %Z hix|i) (k| + H.c.
1=1 k=1

ve Current at site |1

0 1 ( ,
&hi ~ 5 kz;;(sk—m: — Si k) Jimk T op ;(hzkhklm (| + H.c.)

v eigenvectors of j are pointer states, classical

w Define Quantumness Q[,O] = minimal Hilbert-Schmidt distance
of a state O to the pointer state

% Q|p| = 0 for a classical state



How ,quantum”

Quantumness  ¢rrent [eV/ps]
©c o oo ,
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Nalbach, Braun, Thorwart, Phys. Rev. E (2011)
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Is the FMO exciton dynamics non-Markovian?

Mujica-Martinez, Nalbach, Thorwart, Phys. Rev. E (2013)

 Non-Ohmic spectral density: Exciton dynamics could be non-Markovian
 Quantify this by non-Markovianity measure Breuer et al., PRL 2009

e based on trace distance between two mixed states:

1
D (p1,p2) = o U p1 — pa| with O] = VOO

 measures distinguishabllity of quantum states
- 0< DKL

« Markovian dynamics: any two different initial states become less

distinguishable with time and approach to the steady state,
l.e., Information flows from system to environment

e non-Markovian dynamics: states may also evolve away from each other,
l.e., Information backflow from bath to system, i.e, D increases with time



Is the FMO exciton dynamics non-Markovian?

o non_Markovianity measure: Mujica-Martinez, Nalbach, Thorwart, Phys. Rev. E (2013)

N(®) =) [D(p1(bs), p2(b:)) — D (p1(ai), p2(as))]

()

with sum over those time intervals (a;, b;), over which D increases

e Result: non-Markovianity is zero at low and room temperature:

I'="7T7K 1" = 300K

. 1- 1
= 05- s
o o °
1 A 500 v [cm 7] 5 750 >
cm 1000 t[fs
v [ ] 5 1000 /%0 t [fs] [fs]

e same when vibrational mode is artificially set in resonance with exciton
transitions



Summary up to this point

e Theoretical calculations:

* N0 exceptionally long coherence
(certainly not at room temperature)

e Excitons delocalized over a few sites
at low and room temperatures

e Exciton dynamics fully Markovian

 BUT: experiment predicts
long-lived quantum coherence

e S0: Let us repeat the experiment!

FMO complex



FMO: Experiment Nonlinear 2D Spectroscopy

w Experiment repeated at room temperature
w 2D ultrafast optical spectroscopy
v compared with theoretical model

w 2D: phase-matching approach
Gelin, Egorova, Domcke, J. Chem. Phys (2005)

T=x fs

[
t T 7

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)



FMO: Experiment Nonlinear 2D Spectroscopy

w Laser excitation strength low enough

(@) (b)
0.5 - - | - 0.8 | | r
— |aser spectrum = |inear fit :
i v I
2 0.4 | === FMO absorption B nonlinear region |
= | = 0.6[| m linear region
E g | |
£ 03 _ | |
S S 0.4F
c 2, | |
a9 @ | :
L l |
2 Q- 0.2} |
0 : | |
.g;]: {].1 I |
I I l
| | |

600 700 800 900 0 10 20 30 40
wavelength (nm) Excitation energy (nJ)

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)



FMO: Experiment Nonlinear 2D Spectroscopy

EXp. (
B e e T —
T-‘—'o 's ‘c’
—~ 135 ‘r "
|
§ 130
=
3 125
12.0

a) Theory

b de: ot

+

— anti-diagenal profi
“-- "A\ru:m"o'-1 75cm"

Amplitude

dephasing

-

W

o
T

120 -

T=1000 fs

o

 T=2000 fs

o, (kem™)
a &
o w

.
N
n

B
N
o

 T=2000 fs

1

Experiment (296K) =
Theory (296K) ==
stick 1l

1

12.0 125 130 135
@, (kem™)

12.0 125 130 135

o, (kcm")

(d) Experiment (296K) =
i Theory(296K) — |
N
0 . 4 I
1.5 12.0 12.5 13.0 13.5
w(kcm"’)

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)
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Linear
photoabsorption

| CD spectrum



FMO: Theory: Spectral density

/w2 a3 wl’
T(w) = qweT/t 4 250 (2% — w?)? + wT?

200

J(®) (cm™)
S &

a1
o

OO 5(I)O 1OIOO 15IOO 2000
(o(cm_l)
v =0.7,w, = 350cm ™, 5 =0.12, Q2 = 900cm ™', T = 700cm !
A = 190cm—*

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)



FMO: Experiment Nonlinear 2D Spectroscopy

Time evolution of coherence signal: electronic dephasing time ~ 60 fs

 =12300 cm™, .=12600 cm™

= 0
=
2
5; -0.02¢
Q
3 -0.04
= (a)
& 006 . . . :
50 50 100 150 200 250

T (fs)
® =12600 em™, ®=12300 em™

50 100 150 200 250
T (fs)

0.09 + (c) 7
real ——
imagq ——
=0.06 J !
| =
= 4
= |
$0.03 Y]
)]
9
=
o 0r
-
<
~0.03 | X :
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T (fs)

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)



FMO: Experiment Nonlinear 2D Spectroscopy

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)

Self-consistence check:

Anti-diagonal width = electronic dephasing time ~ 60 fs

e "' T ’l
) T=0 (S ‘l'

T=0fs *

— 135 ¢
S 13.0 ¢
=
g 125 P
12.0
13.0
1
' _ 178 L
T = (0.5
&
g
"= 12.5 10
38
-0.5
4 -1
12.5 13.0
o (kem™) M(T)

Consistent with Mujica-Martinez,

Nalbach, Thorwart, Phys. Rev. E 2013:
Dynamics is fully Markovian

. T=501s

+

— anti-diagoenal profi
A n=175cm ™"

12 122

12.4
kem ™!

126 128 13

0. T T T
0;1 ............................ i con ppon RE o o M(T) xH
C 0.7 ﬁ ......................................................... —— ex:poential fit o
2 2\ Skl snGamnnreh syl g
(a — b ) EO.B % 1
o
= os.b ...........................................................
2 2) © '
(CL + b 2P NSRS NS SO SRS SORUUUR: SO 4
o ~ :
© o 5
02F \,?~~ TRy A A S s TGS E it A7 CFTX R Bs <8 . -
0.1 ; ~--'?""""T """ i ket aal R i3
0 500 1000 1500 2000 2500 3000
T (fs)

Hamm, Zanni, Concepts of 2D IR spectroscopy (CUP, 2011)
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unit)

b.

Normalized amplitude (ar

FMO: Experiment Nonlinear 2D Spectroscopy

Cross peak at spectral position of Ref. [1]:

Rephasing frequency (cm-1)
12050 12350 12650

12050 12350 12650
Coherence frequency (-cm-1)

-
o

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)

0.09

o

o o
o o
o o
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[1] G. Panitchayangkoon et al. (G. Engel), PNAS 107, 12766 (2010)



FMO: Experiment Nonlinear 2D Spectroscopy

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)

Comparison with independent previous exact calculation of Ref. [2]

L . L ! ! 0 et i : A A
0 200 400 600 800 1000 0 200 400 600 800 1000
t (fs) t (fs)

No signatures of long-lived coherence

[2] Nalbach, Braun, Thorwart, Phys. Rev. E (2011)



FMO: Experiment Nonlinear 2D Spectroscopy

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)

Calculate low temperature T=77 K and compare to exp. of Ref. [3]

1.0 | L L] 1 |l ]
12800 — . 12800

' T=0f , ~ ] T=501s 1
08 (a) Experiment (77K) = _ ‘ S | .
Theory (77K) == 12600 |- X o/ 1171 g5 12600 | \ U 0.5
06 stick I e g CYNiEa)
;:12400 0 %‘12400 :j: ).._:‘!-'f ?'-“ O
04 r  l | . '’
- 12200 | /. = el 2 -0.5 12200 f GETTE | 05
5 02¢f Jo/ .
= ; -1 =
12000 . : 12000 L 1
g 12000 12200 12400 12600 12800 12000 12200 12400 12600 12800
= (0, (Cm_‘) )y (cm™ ‘)
= 12800 T . 12800 .
=% .
= ( b) Experiment (77K) = | T=100fs 1 T=200 fs 1
. B - -
< 99 Theory(77K) == 12600 | | | - 05 12600 | - 05
0.0 -§-.12400 - 0 5';,2400 L : ] 0
-05 e 12200 [ | /S : -0.5 12200 | = | -0.5
‘ .
12000 . : : -1 12000 : : . -1
=10 ! ! L 12000 12200 12400 12600 12800 12000 12200 12400 12600 12800
12.0 12.5 13.0 (0N {em™') oy em™)
® (kcm‘1)

No sighatures of long-lived coherence

[3] Zigmantas et al., J. Chem. Phys. Lett. (2016)



FMO: Experiment Nonlinear 2D Spectroscopy

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)

Calculate low temperature T=77 K and compare to exp. of Ref. [3]

Amplitude (arb. unit)

0 200 400 600 800 1000
T (fs)

Agreement: No signatures of long-lived coherence even at 77 K

[3] Zigmantas et al., J. Chem. Phys. Lett. (2016)



FMO: Experiment Nonlinear 2D Spectroscopy

Duan, Prokhorenko, Cogdell, Ashraf, Stevens, Thorwart, Miller, PNAS 114, 8493 (2017)

Simulate long-lived electronic coherence:
choose weak damping by hand

12800 ] l ;
T=0fs - 1
12600 = = y d O 5
o T
IE 3.
©12400 |- 1t 40 §
a8 9
oo |
2
12200 | - -0.5 E
12000 ' ' ' =1 -
12000 12200 12400 12600 12800 ~0.06; e o e v re
T (fs)

o (cm™)

Unrealistically small anti-diagonal width, sharp ridge in 2D spectrum
(clear difference to experiment)



2) Role of vibrations & Vibronic coherence

Energy




Vibrational effects on exciton transfer

Duan, Nalbach, Prokhorenko, Mukamel, Thorwart, NJP 17, 072002 (2015)

monomer

dimer

Other molecular complexes:
v Cyanine dye:
v« much smaller (dimer), strong electron-nuclear coupling
v NO protein environment
v ho conformational statistics
v o long-lived electronic coherence
v Vibronic coherence lasts longer



Vibrational effects on exciton transfer

Duan, Nalbach, Prokhorenko, Mukamel, Thorwart, NJP 17, 072002 (2015)

1.0 T . r T ' ' ' ~~__ monomer
"5 0.8 k Experiment = _ J |
Q., Theory =

le N

D 06 F o -
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E’ 0.4 1 Absorption spectrum
< +00 .

0.2 F d t

@1 W [ dte uouo),
1 1 | l 1 -
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w (kem™) Time-nonlocal master equation

Meir, Tannor, J. Chem. Phys. (1999)

Hmono — Hg - He — ‘g>hg<9‘ + ‘6> (he + E) <6‘
hg=Q 0 04+1/2)  he=Q(b"0+1/2) +g(b" +b)

Hsp = |e){eléa(t) + (b7 + b)&uin (1)



Vibrational effects on exciton transfer

Duan, Nalbach, Prokhorenko, Mukamel, Thorwart, NJP 17, 072002 (2015)
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Vibrational effects on exciton transfer

Duan, Nalbach, Prokhorenko, Mukamel, Thorwart, NJP 17, 072002 (2015)
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Vibrational effects on exciton transfer

Duan, Nalbach, Prokhorenko, Mukamel, Thorwart, NJP 17, 072002 (2015)

Generic picture (= orthodox picture):

e Electronic coherence e Vibrational coherence
e short-lived (<100 fs) e longer lived (few ps)
e |large amplitudes e small amplitudes
e rapid decay e slow decay
real (O
imag(> o
Fit real
Fitimag —
Electronic coherence iﬁﬁ%@W@Wﬁ
(short lived) Vibrational coherence

0 50 100 150 200 250 300 350 400
T (fs)



Are these results generic?

Other biomolecular complexes:
v LHIl complex under ambient conditions:
w no long lived quantum coherence

rah, B -
3 ‘-'*..’-"»,.‘."ﬁ \
. x ‘(l“...j?:‘ \
Duan, Stevens, Nalbach, Thorwart, Prokhorenko, Miller, nh‘@

J. Phys. Chem. B 119, 12017 (2015) e
(d)
vv PSII Reaction Center under ambient conditions:
T;ﬂ""' Fhidy,.
v« no long lived quantum coherence < P ARNEE |
.f Trl ke .T.:Ij;j: hﬂhll.ll. P

Duan, Prokhorenko, Wientjes, Croce, Thorwart, Miller,
Sci. Rep. 7, 12347 (2017)

Consistent with very recent experiment with FMO:
ve purely vibrational coherence, 240 fs @77 K
v¢ no long lived electronic coherence

Thyrhaug et al. (Zigmantas), Nature Chem. (2018) FMO complex



Are these results generic?

sample Lifetime (fs) Reference

LHCII ~65 fs JPCB 119, 12017 (2015).
Reaction |

center ~50 fs Sci. Rep. 7, 12347 (2017).
Indocarbocyanine New J. Phys. 17, 072002 (2015).
e ~50 fs Nat. Chem. 6, 196 (2014).
EMO ~60 fs PNAS 114, 8493 (2017).
Perovskite ~45 fs ACS Photonics 5, 852 (2018)

solar cell




Can long-lived vibrational coherence
enhance electronic coherence?

Nalbach, Thorwart, J.Phys. B: At. Mol. Opt. Phys. 45, 154009 (2012)

Can we use long-lived vibrations to induce long-lived coherence in excitons?
(.vibrational laser” drive?)

e Again FMO complex, QUAPI plus nontrivial environment (MD simulations)

l I ' | l -ll. WL | Olbrich, Kleinekathoefer, Schulten
500 [— Hpvo — AR (y=29cm ') ’1 ~| etal, J. Chem. Phys. Lett. (2011)
— Ishizaki et al. f\, =
L] AR -5
400 = -
g 300 2 —
~ 9 each vertically shifted
§- NS relative to the next
© 2 = by 25 cm-t

1000 1500 2000
0) [cm']]

500



Can long-lived vibrational coherence
enhance electronic coherence?

Nalbach, Thorwart, J.Phys. B: At. Mol. Opt. Phys. 45, 154009 (2012)

Can we use long-lived vibrations to induce long-lived coherence in excitons?

(,vibrational laser” drive?) QUAPI
1 ' - | | |
0.8 e ome — P Three cases coincide:
Sl p,U=1 — Py,

2 e full spectral density
e Vvib. modes only up to 750 cm-1
e only continuous backgroun

(no vibs)

0.6

0.4
Conclusion: No

0.2

0 250 500 750
time [fs]



Can long-lived vibrational coherence

enhance electronic coherence?

Nalbach, Thorwart, J.Phys. B: At. Mol. Opt. Phys. 45, 154009 (2012)

Can we use long-lived vibrations to induce long-lived coherence in excitons?

(,vibrational laser” drive?) OUAB
lk I I ] —k 1 l T I 1 ' = 1
¥ peagng o Pu |s o
%, Pu@=l T Pe p (O)=I -

All sites:

No coherent oscillations in
the populations for full spectral
density

§] 250 500 750 0 250 500 750
tume [[s] time [[s]



Can electronic coherence enhance vibrational coherence?

Duan, Thorwart, Miller, in review (2018)

Electronic resonance with anticorrelated pigment
vibrations drives photosynthetic energy transfer
outside the adiabatic framework

Vivek Tiwari, William K. Peters, and David M. Jonas' PNAS | January 22, 2013 | vol. 110 | no.4 | 1203-1208

e Electronic dimer plus vibrational modes
e correlated & anti-correlated mode important

d+ =qgAa +49B (Jd— =(4a — (B

e vibrational levels on different potential
energy surfaces are in resonance

e strong non-adiabatic coupling / mixing

e with strong electronic character of the
vibronic, exact non-adiabatic levels

q ‘
/+ strong coherent electronic admixture

o . ) enhances amplitude of anti-correlated
Pullerits, Zigmantas, Sundstrom, PNAS 2013 vibrations

Energy




Can electronic coherence enhance vibrational coherence?

Duan, Thorwart, Miller, in review (2018)

electronic character of vibronic states

A 0 0.2 04 0.6 0.8 ’ e |dea is in principle correct!
i e e e weight of the electronic
% Ejaf ——— o VD1 component of the vibronic state
s g 12,“‘;92 “““ S ———= — —rt] Increases for increasing vibronic
n ke 1 | ] i
O uw 11b —_— \ - i = Coup“ng
CCJ 0. ; .
S 14g 4=
QS) 1.2 13}
= ! T 12
G ol 3 1l BUT:
o> 06F S ' Fast electronic dephasing
L oaf w13 destroys coherent coupling
O o2l 12 in the electronic sector?
0 11 ~ — P A W A a -
0 200 400 600 800 O 0.5 1
J(cm™) Absarption (a.u.)

Yeh, Hoehn, Allodi, Engel, Kais, PNAS 2018 \\eak electronic dephasing



Can electronic coherence enhance vibrational coherence?

Duan, Thorwart, Miller, in review (2018)

Wave packet tracking on potential energy surfaces
1) Weak electronic dephasing

B
1
0.15
0.1
L 10.05 _ , _ ,
% 400 800 1200 1600 2000
t (fs)
10
X 104 D
w6
_0.05 2
e |
g
-0.1 z
o}
=
< :
-0.15 ¢ 200 - 400 600 -~ 800 1000

® (ecm™)

Indeed: Weak dephasiné —} large-amplitude vibronic coherent oscillations

BUT: not realistic values used in Yeh, Hoehn, Allodi, Engel, Kais, PNAS 2018



Can electronic coherence enhance vibrational coherence?

Duan, Thorwart, Miller, in review (2018)

Wave packet tracking on potential energy surfaces

2) Strong (realistic) electronic dephasing from experiment

A B E
2wc (l.,‘)l:<<_. ;S{:<< 2000 >F < l\(l 2000 "‘ /‘ " '] /T 'l' I J,TT,'
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QEIRGEACC S 015 o 1) Y1)
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!“.S? é? '(': B! k. (¢ /'( { C(((
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E \“ 0.05
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Can electronic coherence enhance vibrational coherence?

_ _ Duan, Thorwart, Miller, in review (2018)
Wave packet tracking on potential energy surfaces

6% 10"

| : : : : __-E--p
QO | ®m weak damping x'#
g o[ | ® strong damping| o ;--’-;»-i """" S
= |---fitl m
O 4f---fit2 e owl e
- e’ Weak dephasing
© o e R e e
s | o«
C ol — U — S
.9 O' N B "
= e strong dephasing _#°
E | ST e oMY HEPTas] %*-‘- ------------- .
S5 ; ; Y
— : w --@---0""

: . _ - ==@ -0 :
> OF?"‘--?--. """" |. """"""" . """"""""" S Sy .

0 0.1 0.2 0.3 0.4 0.5 0.6

Electron-vibrational coupling

Conclusion: 1) Picture does not apply under realistic conditions of electronic dephasing
2) same for resonant / off-resonant conditions (not shown here)



Can strong vibronic coupling speed-up energy transfer?

Nalbach, Mujica-Martinez, Thorwart, PRE 91, 022706 (2015)
e SO far:

e No enhancement of life time of electronic coherence by long-lived
vibrational coherence

e NoO enhancement of vibrational amplitude due to large amplitude
electronic coherence

e \What about effect on efficiency of energ< transfer?
e Non-adiabatic vibration as part of the system (initially not in equilibrium!)

e Cases: Vibrational mode coupled to -
5 ]
e FMO exit site (= site 3) exg

o,
e FMO site 1 (Berkeley experiment)

e all sites




Can strong vibronic coupling speed-up energy transfer?

Nalbach, Mujica-Martinez, Thorwart, PRE 91, 022706 (2015)

e Couple an energy sink to exit site 3, no back transfer allowed

e Efficieny of energy transfer given by time constant of its rise kinetics

No vibrational mode:

Transfer times (300K):

site 1: 3.8 ps

site 6: 3.4 ps

0.5 —0.5

0 2000 4000 0 2000 4000
time [f5] time [fs]



Can strong vibronic coupling speed-up energy transfer?

Nalbach, Mujica-Martinez, Thorwart, PRE 91, 022706 (2015)

e Underdamped vibrational mode opens up more transfer channels

~S— p'ib'
R pvlh_,‘ =
m—
0 2000 4000 0 2000 4000
time [fs] time [fs]

0.5

0.5

Vibrational mode at all
sites:

e NO enhanced coherence

e speed up of transfer!

Transfer times (300K):
site 1. 2.9 ps (-24%)

site 6: 2.8 ps (-18%)



Can strong vibronic coupling speed-up energy transfer?

Nalbach, Mujica-Martinez, Thorwart, PRE 91, 022706 (2015)

e Underdamped vibrational mode at entrance: energy is stuck in vibrations!

Vibrational mode at site 1:

0.5
e more beatings 1-2

o @ Slow down of transfer!

Transfer times (300K):
0.5

site 1: 4.1 ps (+8%)

site 6: 3.6 ps (+6%)

0 2000 4000 0 2000 4000
time [fs] time [fs]



Can strong vibronic coupling speed-up energy transfer?

Nalbach, Mujica-Martinez, Thorwart, PRE 91, 022706 (2015)

e Underdamped vibrational mode opens up more exit channels

0 2000
time [fs]

4000

2000
time [fs]

4000

Vibrational mode at site 3:
e No enhanced coherence

e speed up of transfer!

Transfer times (300K):
site 1: 2.7 ps (-29%)

site 6: 2.6 ps (-24%)



Can strong vibronic coupling speed-up energy transfer?

e YESI Nalbach, Mujica-Martinez, Thorwart, PRE 91, 022706 (2015)

e More transfer channels open up

Vibrational Initial excitation Transfer time Change
mode coupled to at site (ps) by
NO vibration | 3.8 -
6 3.4 -
All sites I 2.9 —24 %
6 2.8 —18 %
Site 1 1 4.1 +8 %
6 3.6 +6 %
DL 5 1 sl —29 %
6 2.6 —24 %




3) FRET in orthogonal dimers




Energy transfer induced by fluctuations

Nalbach, Pugliesi, Langhals, Thorwart, PRL 108, 218302 (2012)

Donor

e Donor: Benzoperylene

e Acceptor: Perylene

¢ Orthogonally arranged dipole moments
e no FRET in static picture:

V(.12) _ ﬁ1ﬁ2 _ 3(ﬁ1ﬁ12)(ﬁ2ﬁ12)
dipole 47T8()R:132

e But: experimentally measured rather fast exciton transfer
e transfer time: 10 ps



Energy transfer induced by fluctuations

Nalbach, Pugliesi, Langhals, Thorwart, PRL 108, 218302 (2012)

e |dea: Orientational fluctuations of dipole moments in molecule induce coupling
e strength depends on the variance of orientational fluctuations

e effective phenomenological model: angles of rigid dipole moments fluctuate

e How to obtain spectral density of angular fluctuations?

e \We know energy fluctuations 0 F
due to solvent for general arrangements.
e Onsager theory of solvation:

2 ¢
G(w) = A— had

T w? + w?

e typical values of reorg. energy:
e dipole coupling: e intoluene: \=245cm™!

V' = J(sin ¢5 cos ag — 28in ¢p1 cos ) e in chloroforme: A = 133cm™*



Energy transfer induced by fluctuations

Nalbach, Pugliesi, Langhals, Thorwart, PRL 108, 218302 (2012)

2 2
e Scaling argument (OE)) — 61,2«5;) ) with typical energy/length scales

4%
oV)? 0z)?
e Fluctuations of dipole coupling due to angle fluctuations (OV)") = J<( 2)7)

%4 [2
e Corresponding spectral density of angle fluctuations:
2 wWw J
Go(w) = Ap— - Ao = A\—
¢5( ) ¢7Tw2 +w§ @ €1

e typical values of reorg. energy:  (0.5cm™ ! < Ao < 5cm 1

e FRET transfer rate by Fermi’s Golden Rule: € = 2448 cm !

1 z

= ZGy(e)1+ npe)




Energy transfer induced by fluctuations

Nalbach, Pugliesi, Langhals, Thorwart, PRL 108, 218302 (2012)

Estimate yields qualitatively correct result

6.4 g
- 3.2 L1 301
O, 1.6
£ 15
=~ 0.8
— 100 0.4 : : 0
Q. g 0 1000 2000 T [ps]
e ~ @, [cm™'] 2
= « O < — 2448cm
I — 1224 cm different
s g N 734€m_| N
N dw » == 490 cm | C
toluene R N V-~ 367 cm'l
» 245 cm

10

chloroform

measured
transfer
time




Distance dependence of transfer time

Nalbach, Pugliesi, Langhals, Thorwart, PRL 108, 218302 (2012)

Idea: Add spacer molecules between donor & acceptor

0 50 100 150 AT [ps]

e Standard FRET: uncorrelated

9 160 energy- |
R gy-angle fluctuations
= .
6
¢ =150
ZE ‘ _ T X RDA
o 440 S .
2 . é dominate at large Rpa
170 E
120 I ® Golden Rule for
- m 1
= ™ angle fluctuations
] 3
-0 T X RDA
0 5 10 15 20 25
Donor-Acceptor Distance [A] dominate at small RD A

e interpolation fits best: bgR% AT bﬁRGDA



Temperature dependence

Nalbach, Pugliesi, Langhals, Thorwart, PRL 108, 218302 (2012)

e Standard one-phonon 15— | . | ' | ' | ]
process via Fermi Golden & | T - == l-phonon-process |
Rule: not optimal fit 7 X X —_ 3-phonon-process

c 14— —

e Mimic 3-phonon-process & [ -

as a guess & 13 u
I . I I I ! I !

260 280 300 320
temperature [K]

Noticeable deviations from one-phonon process



Explicit vibrational effects

Duan, Gerken, Langhals, Miller, Thorwart, unpublished (2019)

e include explicit vibrational effects (same model as before):

Hp = Eplep){en| + Qpbhbp + Aep) (en (b}; + bD)

Hpy = EA‘€A><6A‘ -+ QAbLbA -+ )\‘€A><€A‘ (bj; -+ bA>
HDimer — HD + HA +J (‘9A6D><€A9D‘ =+ ‘6A9D><9A€DD

J = J)sinf cos ¢

e fluctuating angles: von Mises-Fisher distribution (sphere!):

K

f(9,¢) _ emcos&

47 sinh x




Explicit vibrational effects

Duan, Gerken, Langhals, Miller, Thorwart, unpublished (2019)

Arceptor

L — T3t
A Meastured spectrum
e it to measured absorption spectra -
e strong vibrational progressions
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4
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Explicit vibrational effects

Duan, Gerken, Langhals, Miller, Thorwart, unpublished (2019)
e Calculate with the extracted parameters the 2D spectra:

1.00

Donor 23

AcCC.

19 20 21
W, in kem™1



Explicit vibrational effects

w; in kem™!

23 -

21 <

19 -

Real Part

T=000%

B

I
‘_ "

-
-

T=005%

23 4

2

21 4

T=010%

-1.00

-0.71%

T ™ &

22 23 19 0 2 » 23
Wy in kem ™!

-a-zs 0.00 039 0.50 0.7% 1.00
Amplitude (a.u.)

Duan, Gerken, Langhals, Miller, Thorwart, unpublished (2019)

w; in kem™!

Real Part Imaginary Part
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” R
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)
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Explicit vibrational effects

Duan, Gerken, Langhals, Miller, Thorwart, unpublished (2019)

L . Vibronic cross peak:
e vibrational cross peak (intra) P

7 N 1.00 4 1
e D ﬁr
/ I 0.50 -
o \ /4 \\ / Y ; a3
§ oo 3\ / \ / 8 0.254 - .
£ 091 W
oo \ / \/J 2 o0.00- + = e
o RV 3
| 0 10 2) . 0 0 50 E =0.251
-0.50 + u v
0. 78 e e o o e oy o = o s R e e s -
0 20 40 60 80 100 120 140
Tin fs

Strong vibronic coupling (not only fluctuating angles of dipole moments)!



4) Exciton transfer & conical intersections

tuning mode {GE]



Conical intersection: basics

e Point of degeneracy between two
adiabatic potential energy surfaces

e Breakdown of Born-Oppenheimer
approximation => Formation of a
double cone structure

e explains fast radiationless energy
transfer in photoactive molecules

e key: geometric phase of the wavefunction
acquired when circulated on a closed
loop around the CI (nonadiabatic feature)

M.A.

Vt( Q1 ’Qx)

F. Temps, Universitat Kiel

Q

/ Isomer A Isomer B

_>Q1

Avoided Crossing

Conical Intersection

Robb, What is a conical intersection, UC London



Vibrational coherence at conical intersection

Duan, Thorwart, J. Chem. Phys. Lett. 7, 382 (2016)

Conical intersection of two
electronic potential surfaces

Question:
Signatures of Cl in presence of
strong vibrational dissipation?

tuning mode {QE:'

Hmol — Hg =+ He

Model: two electronic states plus two harmonic modes:
Hy = |g)(h1 —€/2)(g| and Hc = |e)(ha +¢€/2){e| + (le)V(g] + h.c.)

DI

i=1,2 plus two Ohmic vibrational baths
hi = hyg — kQ2 ho = hy + KQ2

hg



Vibrational coherence at conical intersection

Duan, Thorwart, J. Chem. Phys. Lett. 7, 382 (2016)

Large Problem:

Dynamics of electronic wave
packet on complicated
2D surfaces

tuning mode {QE:'

Hmol — Hg =+ He

Model: two electronic states plus two harmonic modes:
Hy = |g)(h1 —€/2)(g| and Hc = |e)(ha +¢€/2){e| + (le)V(g] + h.c.)

DI

i=1,2 plus two Ohmic vibrational baths
hi = hyg — kQ2 ho = hy + KQ2

hg



Vibrational coherence at conical intersection

Duan, Thorwart, J. Chem. Phys. Lett. 7, 382 (2016)

Idea: Put tuning & coupling
modes into the bath

unitary equivalent to
J(w) | tuning mode (Q,) 1 D DFOblem

Ohmic
H /[/ J@) - Ha
> Y w v
w
>

EO
with two effective baths:
2
71/2521/2("} T (@) off
Jleﬁz(w) = A1/2703 5 ! 5" ()
/ Qi) =@ +71p9* 46 . +0, -
i e YW — :
overdamped limit easy: JJEQ’ (@) = A}, 1/2 QC Qt W

w? + ’712/2



Vibrational coherence at conical intersection

unitary equivalent to
1D problem

Duan, Thorwart, J. Chem. Phys. Lett. 7, 382 (2016)

\/ Dissipative quantum two-level system,

/\ Z BUT...

Jleff(a)) Jzeff(a)) o
+0, +0,: .

QC“) Q.

with two effective baths:

’71/252%/2("}

Tt (w) = Xy jo

(Q%m —w?)? + 7%/2“’2

highly structured bath spectral densities
non-Ohmic

=> non-Markovian exciton dyanmics
require advanced numerical tools
(QUAPI, hierarchy equation of motion
HEOM)

but they are available!

/
overdamped limit easy: jeff.oo () — v T1/2%

1/2 — N1/2

w? + '712/2



Vibrational coherence at conical intersection

Calculated 2D spectra

with CI

no CI
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Duan, Thorwart, J. Chem. Phys. Lett. 7, 382 (2016)

Overdamped

Splitting of the diagonal peak as clear
signature of Cl in a 2D spectrum!

0.15

. 0.4
-6-no ClI
=8~ C| max
:'é‘
=)
Xe)
3 0.05 0.3
o
E
<€
0 {0.25
-0.05 4 4 . . 0.2
400 600 1200 1400
e = 1000 cm ™!,

1 =150 em ™, 44 = 150 cm ™!, A = 150 cm ™, 94 = 20 em ™!, T = 300 K



Vibrational coherence at conical intersection

Duan, Thorwart, J. Chem. Phys. Lett. 7, 382 (2016)
Transient absorption spectrum
Overdamped

2500 w ‘ ‘ ‘ ‘ ‘ 1
IO.8

- 10.6

- 10.4
- 10.2

- 10

B

500

400 600 800 1000 1200 1400

T (fs)

Two bands with positive & negative amplitude

e = 1000 cm ™!,
N =150r ecm™ Y4, =150 ecm ™1, )\, = 150m em ™1, 45, =20 em ™, 7 =300 K



Vibrational coherence at conical intersection

Duan, Miller, Thorwart, J. Chem. Phys. Lett. 7, 3491 (2016)
Underdamped
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Vibrational coherence at conical intersection

Quantum vyield

Duan, Miller, Thorwart, J. Chem. Phys. Lett. 7, 3491 (2016)

Underdamped

Transient absorption
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Vibrational coherence at conical intersection

Duan, Miller, Thorwart, J. Chem. Phys. Lett. 7, 3491 (2016)

Underdamped
—A i
—B}
0 250 500 750 1000 1250 1500
T (fs)
200 ; . . . :
=3 (b): : 3 : —A
S ABOp i -
Is
g, = 2000cm™, &, = 2600cm™! S,
o 100f b, .
Q, = 500cm™!, Q. = 200cm™! i
A= 25cm™!, 2, = 250cm™! g sor-
< - - - >
_ _1 0 4 24 s s
Yoy = 30cm 0 500 [1000 | 1500 2000 2500 3000
w{cm"‘)

Stueckelberg oscillations



Vibrational coherence at conical intersection

Quantum vyield

0.66

0.63

Qy
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0.57

R = aﬂ — 3[]
&— 50 M - : —a— 50
e 100 w7 o - 5 100

e i
v /o R, .
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i I = i ]

[ | i ] 1
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Duan, Miller, Thorwart, J. Chem. Phys. Lett. 7, 3491 (2016)

Underdamped

Quantum vyield

Table 1. Magnitude for Pathways A (1100 ¢ ') and B
(1600 cm™") for Waiting Time T = § ps in the Transient

Absorption Spectrum with Stable Products

Yon (em™")

30
40
S0
100
150

magnitude A

—0.1001
~0.1065
—0.1143
=0.1601
—0.1961

magn itude B

~0.0630
~0.0690
—-0.0767
-0.1206
-0.1672

and B“
A/(A+B) T, (fs)
0.614 285
0.607 268
0.598 240
0.570 200
0.540 195

“The ratio A/(A + B) shows that the more coherent wave packet
pruduces a higher quantum yie]d than the less coherent one. In

addition, we show the nverse of the isomerization rate I',.



Peierls vs. Holstein phonons: conical intersection

Duan, Nalbach, Miller, Thorwart, submitted (2018)

Consider usual tight-binding model of an electron: 7 — Z eiazai 4 Z tz.ja);aj

Let us include electron-phonon-coupling:

local electron-phonon coupling
(intramolecular phonon)

_6_20_'_2(88@62)

Holstein phonon

e, e, B,
o P
T
A
e, e, B,

photonicswiki.org

]

nonlocal electron-phonon coupling
(intermolecular phonon)




Peierls vs. Holstein phonons: conical intersection

Duan, Nalbach, Miller, Thorwart, submitted (2018)

ldea:
¢ Understand intramolecular (Holstein) mode as tuning mode in a CI picture
e Understand intermolecular (Peierls) mode as coupling mode in a Cl picture

Peierls

' ' A
Holstein E ;‘ Q inter \ A
@/ Ater (coupling)
Q intra B

Q intra (tuning)

Nice, since
e |t explains ultrafast exciton transfer in organic photovoltaics
e experimentally confirmed in singlet fission in a pentacene film (unpublished)



Peierls vs. Holstein phonons: conical intersection

Duan, Nalbach, Miller, Thorwart, submitted (2018)

Model Hamiltonian
Huol = |[A)ha{A| + |BYhg(B| + (|[A)V(B]| + h.c.)
with

ha =€a+ hy — KQH, hp =€ep + hy + kKQu

V =V, +AQp tuning mode

coupling mode

1
Peierls & Holstein phonons:  hg = 5 Z (P + Q7)
i=H,P

standard Ohmic vibrational baths: Jp/n(w) = np /pw exp(—w/we)

2 2 2
oo Di.a Mi,aW; o Ci,a®i
env — + Li o + 2
2Mm; o 2 Mi,aW; o

1=H,P «




Peierls vs. Holstein phonons: conical intersection

Duan, Nalbach, Miller, Thorwart, submitted (2018)

Exciton transfer dynamics (with time-nonlocal quantum master equation):

0.4

Qg = 1000cm ™ *,

ne/a = 0.9,
T = 300K

—AC =—CI| —fit AC —fit Cl

IIIII

| A = 200cm ™!

200 400
t (fs)

500 800 1000

Qp = 150cm™ 1

w,. = 100cm ™ *
e =400cm™ 1,V =200cm ™!, k =212cm™?

much faster
transfer



Peierls vs. Holstein phonons: conical intersection

Duan, Nalbach, Miller, Thorwart, submitted (2018)

Normalized transfer rate Peierls channel opens up
\
7000 = ;
- ' 150 cr:n_l
0000F ---570cm !
-=-1000 cm™*
,0?5000- —A=0cm?t |
g —A=40cmt |
§ 4000 —A=180cm™ Y]
§ 3000}
3
<
2000
1000} ji -------------------

0 500

® (cm_l)

Nice, since
¢ |t helps to understand ultrafast exciton transfer in organic photovoltaics

e experimentally confirmed in singlet fission in a pentacene film (unpublished)



Conclusions

w Quantum transfer of excitation energy / exciton transport

_ Electron transfer
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Reaction-

A Photon  Senter
‘ chlorophyll

Primary electron
acceptor

Antenna
pigment
molecules

v« Fenna-Mathews-Olson complex SO

of energy

v¢ Vibrational effects

w Orthogonal dipoles

Acceptor

Donor

vz Conical intersections

PES (cm™)

tuning mode (02)
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