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Solar Energy Conversion

® photon collection and directed energy transfer
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LHCII trimer

® photosynthetic complexes
® adapted to environment

® high efficiency (95%)

FMO trimer, wikipedia LH2 (Rps. acidophila), T. Pullerits 3

Molecular Aggregates

® non-covalently bonded dye molecules

® widely tuneable optical properties
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@ spectroscopic signatures (Scheibe & Jelley, 1930s)
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® Frenkel exciton model
® exciton-vibrational coupling
® from electronic structure to absorption
® coherence in photosynthesis
® beyond a reduced system-bath description



Frenkel Exciton Model

® electron-hole pair LUMO
P Frenkel exciton :i_: HOMO

p charge transfer (CT) exciton

P Wannier-Mott exciton /'V .
e 00
D* A

® monomer: electronic excitation

@ aggregate: exciton=delocalized superposition state

@ exciton binding energy

Aggregate Hamiltonian

® separation of aggregate into m=1...Nmo monomeric
building blocks

1
Hagg :ZHm+§Zan

— ~.

monomer Hamiltonian Coulomb interaction

p adiabatic wave functions & PES
Hy(sl) (Rm)gpma(rm; Rm) — Vma(Rm)QOma (rm; Rm)
® aggregate wavefunction (neglecting exchange)

Nrnol

;HP)(TSR) = H Pmam (7m; Bm)
m=1



@ adiabatic state representation of aggregate Hamiltonian

Hags = 3 5" Hos(ah)loma)omsl + 5 30 3 Tuun(ab, cd) omaons) (Pneioma

m  a,b m,n a,b,c,d

P monomer contribution
Hm(ab) - 5a,b(Tm + Vma) + (1 - 5@,6)@m,ab

p Coulomb coupling

Jmn(ab, cd) = / drpdry, ‘Pjna(rm)SOZb(rn)Vrgzeé_el)(Tm,Tn)SOnc(rn)@md(rm)
+ 5b,0/ drm@:na(rm)vn(zeqi_nuc)(rmvRn)ﬁpmd(rm)

+ 5a,,d/ drngp;b(rn)vrgﬁzuc_el)(Rm,rn)@nc(rn) + 5a7d(5b,c‘/;$llc_nuc)

p transition density

n{ (%) = 00" (%) — Gap Y €Zud(x — Ry)

pem

p Coulomb matrix elements

S ) = [ "5 0 0

[x — x|

Beljonne et al., J. Phys. Chem. B 113, 6583 2009) 10



Dipole Approximation

p assume that size of transition densities small w.r.t.
intermonomer distance

p dipole moment
dyap = /d3x xnfjgb) (x) = /d3x XQ((IZL)(X) — dab Z eZ, R,
puem
p Coulomb matrix elements
dmaddnbc (an dmad) (an dnbc)

Jmn(a,b, Cd) ~ W -3 ‘X ‘5

Testing the Dipole Approximation
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@ specification of Coulomb matrix elements for two level model

Matrix element  Interaction process

(1) Jmn (g2, g8) between charges
Jmn (€€, e€) at molecules m and n
Jmn(ge, €g) On,e
Jmn(eg, ge)
(IT) Jmn(eg, g8) between transitions at dn,eg H
Jmn (g8, ge) molecule m with charges at n ©
n,9
Jmn(8e, ee) n m
Jmn(ee, €g)
(I11) mn (€€, €8) between Sy — S; transition at molecule m
Jmn(ge, ge) and S; — Sy transition at n (and reverse)
(IV)  Jmn(ee gg) simultaneous excitation and deexcitation
Jmn(gg, €€) of molecules m and n

® Coulomb coupling for TLS with resonant terms only

/dSXd?)X/ ‘Q‘(fzﬂb) (X) ng) (X/)

[x — x|

Imn(€g,eq9) = Jpmn =

p dipole approximation

| [[d5,|

Jmn ~ Kmn W
mn

) orientation factor
Kmn = yp Ny — 3(emn nm)(emn nn)

p absorption of electronic homodimer

hwe 1 —tar
Bayt = =2 £ J o = &) = —=(]1) + e a(7)|2))

Sl



J- vs. H-Aggregates

H dimer e J dimer
e <54.7°

>54.7°

p for applications that require strong fluorescence J-aggregates preferable

Three-State Approximation

® organic dyes will have more than one excited state
¢ important whenever more than two photons are absorbed

e for two-photon processes one should take into account states
where

Ee—Eg%Ef—Ee

® minimal effective model should include three levels

S, —@— ¥my
S, —@

Sy —O—  —O— @

Pm,e



N-Excitation States

® classification of aggregate's electronic state acoording to
number of excitations

D165 @A = 10001+ D Imdml + D ) (ma] + ..
A m

m,n>m

p zero excitation

0) =] lomg)

P single excitation

Im) = |ome) H |¥ng)

n#Em

p double (local and nonlocal) excitation

mn) = (1= 0mn)[emelone) [ |#ka) + Smnlome) [ loka)
k#m.n k#m

Multi (Two)-Exciton Hamiltonian

@ restrict Hamiltonian to two excitation space

H = H(O) _|_H(1) + H(Q) +H(1_2)
HO =3 " Hygl0)(0) Hopo = T+ Vina

HY =S[00 (Hpng + Upneg) + J59][m) (]

m,n

gap coordinate

Um,ab - Vm,a - Vm b

i Jon(eg, e9) = Ji9)

one-exciton motion|m) < |n)




H(2) - Z Z {5mk5nl[(1 - 5mn)(Hm,g + Um,eg + Un,eg) + 5mn<Hm,g + Um,fg)]
>k n>m
(1= ) (1= ) [T 80 + T D ke 4+ T G+ LD G
+ (1-— 5mn)5kz[J;E£f)5kn + J,fff)émk]
 Bon (1= 042) [Tl Ot + Tih g Il (rm|
Jmn(fg7 66) = Jr(r{s)
two-exciton motion [nm) < |nk) ,fusion/fission" |0m) < |nm)

—o— Tk, I Tl
D A S S
n m

n m k

Exciton-Exciton Annihilation

@ ,interband" (nonadiabatic) transitions

H,, (Cbb) = 5a,b(Tm + Vma) + (1 - 5a,b)@m,ab T

fusion

Y

p exciton representation —_— —— —_—

internal conversion

F(1-2) — Z O, fe|mm)(m| + h.c.

—0— )
» local process -_— —— EE—

@m,fe X [/ drel Pmf (Tel; Rnuc)vnuc@me (Tel; Rnuc)] vnuc
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Multi-Exciton Eigenstates
® diagonalization of N-exciton Hamiltonian

H™N|ay) = Eaylay)
) state expansions

a1) = " Culan) )
az) = Z Crnn(a2)|mn) + Zcmm(a2)‘mm>

m>n

p exciton bands

(05]

I -

87}

Exciton-Vibrational Coupling

® one-exciton Hamiltonian

HD = 8pn(Hng + Unyeg) + I8 Im) (n)

m,n

p ground state vibrations
Hng = Hpyy g(Rm) = T + Ving(Rin)

» gap coordinate for excitation

Um,eg<Rm> - Vm,e(Rm) - Vm,g(Rm)

21

22



Strategies

@ stochastic models (e.g. Haken-Strobel-Reineker)

® harmonic bath models (spectral density):
p single bath (e.g. intramolecular)
p multi-mode Brownian oscillator

p can be used to fit experimental sepectral densities

@ atomistic models: molecular dynamics simulations plus
electronic structure theory

Huang-Rhys Model

® shifted oscillator model for nuclear DOF R

hw
Um(Qm,&) = E, + Z Tg(Qm,ﬁ - QES?@)Q
¢
® coupling given by Huang-Rhys factor
1 S
S = 5@52?52 1

® correlation function

Crn(w) = 27mw0* (1 + n(w))[Tm(w) = T (~w)]
® spectral density

energy

T (@) =D S ed(w — wime) -
5 I I
0 Qe



energy

Huang-Rhys + Coulomb Coupling

® exciton-vibrational states

Q. I Q
r' r' s +
S [S1.50)
S =
1 ©
Jmn .é 0+ @ (SO!SO) u
N
> 5
€
g @
S
0 E (S0:51)

0
monomer 1 vibration

Q Q \/

p single excitation states

‘maMevagn> |n) Ngm7 Nen>

ABisua |enuslod

p effective Coulomb coupling

Jmn <Mem ’N m><Mgn|Nen> Q.4 Q.

Absorption Spectrum

p recall correlation function approach

J(t) = tr{ pUo( ppeaU (1)}
n=pala)(0] +he  Us(t)a) = et/ a)  peq = [0)(0)

= X'(W) x Y [pal*(hw — Eq)

p basis set expansion for exciton-vibrational states

|(X> = Z 00(27M€17M92)|17M€17M92> + Z COé(27M917M€2)|27M917 €2>
Me, , Mg, Me, Mg,
p electronic character of certain state

Car = (a| Y |m,0,0)(0,0,m] |a)

m=1,2



® exciton-vibrational states (by matrix diagonalization)

one mode two modes
. = i l l l N
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M. Schroter et al., Phys. Rep. 567, 1 (2015)

Perylene Bisimides

® high performance color pigments

@ fluorescence quantum yield up to unity in solution, drops
in solid state

@ optical properties shaped by bay substituents

® type of arrangement in aggregate depends on imide
substituents

X X
o] o]
SSesesd
Seseses
20200
o] o]

47a: R = C,H,,;
47b: R = C,Ha:
47¢c: R =C,,H,s; 47¢

47d: R = C,H,,; .
Eosd -1-1-

47a 47b 47d

>

X x x X
QT T

Wirthner et al.,, Angew. Chem. Int. Ed. 50, 3376 (2011)
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Perylene Bisimide Aggregates

1 Rl

. ;w -

exp: S. Lochbrunner group
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H. Marciniak et al., J. Phys. Chem. A 115, 648 (2011)
Vertical So-Sn Excitation Spectrum
e TDDFT/B3LYP (6-311G*) eV
occupied 'S virtual
. . 0.0
» response function formalism 274 277 /
p based on ground state KS density
— — 273
E/eV f excitation one-electron excitation ~ A/nm
213 059 ooy, TS1(274-275) 582.2
274 022 Tperpbay — oy S2(273-275) 4532
422 028 oy — 1§5.1(274-281) 2938
425 0.05  Tppiz oﬂnpb, ICT (250-275) 292.0
425 016 Tperpbay — Ty ' S36(272-277) 291.6
448 007  mpp — n;ay LCT (274-283) 2782
467 005 Ty anb, ICT (262-276) 265.7
4.70 0.05  Tphi—o — T pbi 1CT (256-276) 263.8

D. Ambrosek et al.,

PCCP 13, 17649 (2011)




Ay/A

Exploring the Coulomb Coupling

. )
.\ .3 . ,‘ | ) DFTB Mulliken transition charges of PBI
\ Q
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® dimer structures (DFTB simulated annealing)
* sandwich geometry * laterally shifted
- cannot be elongated * nucleus for longer aggregates
* H-bonded » weaker n—stacking
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® Franck-Condon active modes (TDDFT, B3LYP, 6-311G*)
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D. Ambrosek et al., JPC A 116, 12451 (2012)



LH2: Photosynthetic Antenna

Rb. capsulatus [

. . ) ’
intracytoplasmic membrane [2] !

[1]1 S.J. Schmitt et al.; [2] N. Hunter; [3]1 T, Pullerits 35

Multi-Exciton Model
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Quantum Master Equation

p one-exciton reduced density matrix

0pq ,
gtﬁ — Z(Waﬁ + Vaﬁ)paﬁ - 504,8 Z(ka’apa’oz’ - kaa’paa)

Oé/

p Caldeira-Leggett type model (one bath)

HR:XJ: 2 (_ 8@3 +Q3) HS—R:Z|m><m|Zhwjgm,ij
m J
p relaxation rates

kab - 2Fab,ba(wab) - Z KSZ)KIEZ:)CUU (Wab>

u,v

= kag =21 ) |Cn(@)P|Con(B) P (1 + n(wap)) [T (@ap) = Jin(~was)]

p static disordered via sampling of transition energies

37

Effective Oscillator Model
J((.U) = ZSJ(S(CU — w]')

experimental spectral density
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0.K., V. Sundstrom, T. Pullerits, Chem. Phys. 275, 15 (2002) 38




B850 Linear Absorption

@ absorption of LH2 with depleted B800 ring (exp. J. Herek)

absorption [a.u.]

0.5

Redfield

1 I 1 1 |
760 780 800 820 840

1 1 | 1
860 880 900

wavelength [nm]

o = max(Jy,) = 300cm™*

B850: Pump-Probe Spectroscopy

[e%y
ESA
1)
GB| | SE
)

860 880
Wavelength, nm

M. Chachisvilis et al., JPC B 101, 7275 (1997)
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Quasi-Stationary Spectra

® pump-probe absorption band shape sensitive to disorder strength

o = max(Jy,,) = 300cm ™! o = 250/350cm™!

05|

MA [arb. units]
M [arb. units]

N
o

820 830 840 850 860 870 880 830 840 850 860
wavelength [nm] wavelength [nm]

Kihn et al., J. Chem. Phys. 107, 4154 (1997)

Dynamics & Coherence

0,2
b ultrafast relaxation
= 2 500 fs
5 4 | 350 fs
o -0,4- J
» dynamical localization o = = = -
wavelength [nm]
Cn(t) = Z [P, mtn () dis]
0 i | 1.0
' static+dynamic | C.(t
Cn(®) disorder ;‘ ()
'5' 0.5 ;‘ - | 0.5
‘ i | |
~ coherent | bt
0 Tt 4 0
g7 6 N /
38 3 8

870
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Green Sulfur Bacteria

@ inhabit oxygen poor, sulfur rich environments

® adapt to low light conditions

http://universe-review.ca

Fenna-Matthews-Olsen (FMO) complex

Putative transpor

S

FMO

FMO

*smA protein basep’

BChl-a
reaction PR
centre C,«Q’

vwve. 4

e = e e e e e e

Periplasm

7
|
!

Blankenship et al. (1995); N. Lambert et al. Nat. Phys. 9, 10 (2012)



Fenna-Matthews-Olsen (FMO) Complex
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en.wikipedia.org; N. Lambert et al. Nat. Phys. 9, 10 (2012)
Exciton Hamiltonian
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BChl a Spectral Density

e parametrization of experimental spectral density

0.005 . x — ] .
£ experiment e
discrete modes mmmmm - 0.012 )
transition energies m— e Quantum Master Equation
0.004 3
: 10010 3
£ » structured spectral
. 2 density
<" 0.003 | 10008 &
§ S » no info about vibrations
= i)
P 10.006 §
= 0.002 2
o1 3> 10004 T e Schrodinger equation
. 5
0.001 _
E 10002 © » model: 7 electronic
‘ j ’ states + 74 vibrational
modes per site
0 50 100 150 200 250 300
o[cm ]

1 M. Wendling et al., J. Phys. Chem. B 104, 5825 (2000)

Population and Coherence Dynamics

diab. pop.

0.20
0.00

&0.10

kel

5 0.05

[N

o 0.00
-0.05

time [fs]

® oscillation frequencies (220, 160 cm'l) differ from bare electronic value (208 cm'l)

® dephasing due to high-dimensional vibrational space

3. Schulze, 0.K., JPC B 119, 6211 (2015), J. Schulze, O.K. et al., arXiv:1602.03973 [physics.chem-ph]



Vibrational/Vibronic Dynamics

® Vvibrational excitation at site m \/ \/ V
. 92
H(v1bra) — W, ¢ . 2 1 —
i ; 2\ “agz T Qe | (1= lmim) ' U \/

® Vvibronic excitation at site m @1 Q2

vibro Wm, 82
H(vibro) — Z : § <_ 502 +Q%n,§ +2\/25m,ng,g> [m)(m|
m,§

gem

Vibrational/Vibronic Excitation

3002 1 2 3 4 5 6
250 é
2200 ( - —
E 150
© 100}
50 ¢
300 vibro-exc-site 1 . vibro-exc-site 2 Vi bro-exg-sﬂe 3 1
250 - {
§ 150/ BV
S 100} :
50 ¢ ;
0 vibra-exc-site 1 vibra-exc-site 2 x,h
0 200 400 600 800 O 200 A;?n?e 32]0 800 0O 200 400 600 800 1000

p vibrational excitation at sites 1 and 2 (dynamic picture)

P vibronic excitation at site 3 (resonance picture)



Synopsis

Hamiltonian Dynamics
Born-Oppenheimer Schrddinger equation
potential energy surfaces MCTDH
normal modes QM/MM * Quantum Master Equation
Caldeira-Leggett / y spectral density
Spectroscopy

nonlinear polarization
phase matching
response functions

lineshape function
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