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Learning From Nature….

• photosynthetic complexes 

• adapted to environment 

• high efficiency (95%)
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FIG. 1. Model of the photosystem II (PSII) supercomplex C2S2M2 from
higher plants. (a) The protein organization showing LHCII trimers (red) on
the periphery, proteins in the core (magenta). CP24 is colored yellow; CP29
orange; CP26, cyan. (B) A model showing only the organization of chloro-
phylls (Chls) bound in these proteins. Chls a, green; Chls b, blue. The spe-
cial pair Chls are colored red. Reprinted with permission from Croce and
van Amerongen, J. Photochem. Photobiol. B. Biol. 104, 142–153 (2011).
Copyright 2011 Elsevier.

electronic excitations (lifetimes of 1–5 ns) traverse these
molecularly vast landscapes with high efficiency to sensitize
reaction centers and initiate photosynthetic energy transduc-
tion. The typical photosynthetic unit is an excellent example
of finely tuned adaption to limiting conditions. Chromophores
are organized so there is optimal harvesting of light across a
relatively broad spectral range. Optimal in this case means
within possible constraints of resources available—light,
nutrients, etc.

The photosynthetic unit typically comprises about 200–
400 light harvesting chromophores associated with each reac-
tion center, depending on organism and growth conditions.42

The upper limit to the size of a photosynthetic unit is dic-
tated by interplay of two primary factors: the rate of excitation
transfer and the excited state lifetime.14 The minimum size of
a photosynthetic unit is controlled by a delicate balance of
energy absorption, conversion, and dissipation of excess exci-
tations. The physical size and layout of a supercomplex of the
photosynthetic unit in the vicinity of photosystem II in higher
plants is shown in Fig. 1. Experiments have estimated there
are about 200 chlorophylls per reaction center under normal
growth conditions.43 In purple bacteria, a combination of site-
energy tuning of chromophores by the protein and excitonic
effects creates a natural energy gradient directing excitations
towards the reaction center (specifically to the special pair).
Imaging of photosynthetic membranes of purple bacteria by
atomic force microscopy reveals the arrangement of light har-
vesting complexes (LH2) and reaction centers clearly,44–46

while the ratio of LH2 to reaction centers can also be mea-
sured spectroscopically.47 It is found that 2–7 LH2 complexes
are associated with each reaction center, meaning there are
∼100–200 bacteriochlorophyll molecules per reaction cen-
ter. Despite this low ratio of antenna molecules to reaction
centers, Vos et al. have shown that excitation migrates over
about 1000 bacteriochlorophylls48, 49—in other words, about
25 photosynthetic units are connected.

The size of the photosynthetic unit can change depend-
ing on whether or not growth is light limited. The essential
principle is that the reaction centers should be photo-excited
at a rate balanced with the rate of linear electron flow from
H2O to NADP+. The right balance inhibits back reactions,
and thus losses, downstream from the photo-initiation pro-
cesses. A large photosynthetic unit helps maintain the rate
of photosynthetic production under low light conditions be-
cause it provides the reaction center with an increased ab-
sorption cross section. Light can be limiting, for example
in microbial mats,50–52 turbid water,53 competition in aquatic
communities,54 or at great depths in the sea.55 A further inter-
esting complexity is that not only the size, but also the organi-
zation of light harvesting complexes with reaction centers has
been documented to change depending on light conditions.56

It is generally thought that excitation energy moves more
or less by a random walk, historically based on early models
for energy hopping7, 57 and Pearlstein’s hypothesis in the
1960s that coherent transfer should not dramatically change
the limits of excitation diffusion length.32 However, such
conclusions are subject to revision, especially as we develop
this field of research in terms of measurement, theory, and
experimental probes of the mechanisms of energy transfer.
Recently, research has suggested that a balance between co-
herence (quantum effects) and decoherence (loss of quantum
effects) is optimal for excitation transport.40, 58, 59 In that case,
the random walk model must be modified60 and more sophis-
ticated theories of energy transfer are required.21, 61 Likewise
any quantum measurements made must be appropriate for
open systems; delocalization measures such as the Inverse
Participation Ratio are not appropriate when decoherence is
taken into account.

In terms of scale, we believe it is useful to delineate ex-
citation energy transfer in light harvesting complexes from
excitation migration and trapping in the photosynthetic unit.
We suggest that the designation “excitation energy transport”
is preferably reserved for the excitation migration through-
out the photosynthetic unit, while the rapid excitation energy
equilibration and flow in an isolated complex is excitation en-
ergy transfer. Calculations at present have mainly focused on
energy transfer in isolated light harvesting complexes because
there exists the opportunity to examine deeply energy transfer
mechanisms. The consequences of more sophisticated energy
transfer theories and the deviations they will predict from ran-
dom walk models on longer length scales, for example, for
photosynthetic units (>100 chromophores) are unknown. As
we discussed previously,14 the average effect is likely difficult
to discern, but mechanisms at play in tails of the distributions
of trapping times will be interesting. We can summarize this
viewpoint by stating that an outstanding challenge is to con-
nect details of energy transfer at the isolated light harvesting
protein level to the collective function of many proteins.62

B. Exciton delocalization

At the foundation of the most interesting coherence ef-
fects in light harvesting systems are molecular excitons.
Molecular exciton states (which is what we mean by “exci-
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Molecular Aggregates
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• non-covalently bonded dye molecules 

• widely tuneable optical properties

4

hydrophobic side chains and the polar head groups. Accord-
ingly, highly ordered J-aggregates of various morphologies
became accessible from the same chromophore, and their
characteristic optical properties could be related to the
mutual orientations of the transition dipole moments of the
dyes in the supramolecular arrangements.[5d,f,g,7j, 73]

Studies with numerous derivatives of 33 have shown that
the morphology of the aggregates of those amphiphilic
cyanine dyes depends sensitively on the structural features
of the hydrophobic and hydrophilic substituents. A short
mnemonic code of the type CmRn was introduced to address
different derivatives of 33, where m and n indicate the length
of the alkyl chains at the 1,1’- and 3,3’-positions, respectively,
and R donates the ionic groups in the hydrophilic substitu-
ents. If R=COO! or COOH, it is represented byO, and when
R= SO3

! or SO3Na by S.[5g] It was observed that derivative
C8O1 (that is, structure 33 with m= 8 and n= 1, and R=
COOH) does not form any J-aggregates, while dyes with
longer hydrophilic and hydrophobic chains, for example, dyes
C8O3, C10O3, and C12O3, mostly form tubular aggregates. A
selection of the investigated amphiphilic cyanine dyes, along
with their mnemonic codes and observed aggregate morphol-
ogy, can be found in Ref. [5g].

Two most extensively studied
amphiphilic cyanine dyes are C8O3
and its sulfo analogue C8S3. Both dyes
form tubular aggregates upon self-
assembly. For C8O3, von Berlepsch
et al. obtained direct evidence for the
first time of tubular aggregates by
cryo-TEM.[73] Ropelike structures
were observed that consist of bundles
of a distinct number of tubules, as
shown in Figure 16 together with a
computer simulation. The computer
simulation shows hollow cylinders that
are packed on a triangular lattice and
intertwined. The observed tubules
exhibit an outer diameter of 10 nm
and the length of the ropelike bundles
exceeds hundreds of micrometers. The
thickness of the wall of the tubules was
estimated to be approximately 4 nm,
which led to the assumption that the
wall is constructed of a bilayer of the
amphiphilic dyes, similar to a lipid
bilayer.

The tubules formed by self-assem-
bly of the sulfobutyl-substituted dye
C8S3 are, in contrast to those of C8O3,
well separated, and only sporadically
bundles of tubes are formed.[74] The
diameter of the tubes of C8S3 is
dependent on the solvent composition
and preparation conditions, with
values of 16 nm and 13 nm being
observed in pure water and solutions
containing more than 18 vol% meth-
anol, respectively.[5g,74] In both cases,

the thickness of the walls of the aggregates was found to be on
the order of 4 nm, which was taken as an indication that the
wall consists of a bilayer, as in the case of C8O3. A high-
resolution transmission contrast image was obtained by cryo-
TEM on C8S3 aggregates, which revealed a double-walled
tubular structure.[5g,75] A schematic model of the double-
walled tubular J-aggregates of C8S3 is illustrated in Fig-
ure 17.[75b] Such J-aggregates could be immobilized on solid
surfaces, which enabled the recording of high-resolution

Figure 16. a) Cryo-TEM image of a single quadruple helix. The scale
bar represents 50 nm. b) Simulated projection image of this helix and
the c) corresponding three-dimensional view. Reprinted from refer-
ence [73] with permission. Copyright (2000) American Chemical Soci-
ety.

Figure 17. a) Structure of cyanine dye C8S3 with the most hydrophilic and hydrophobic regions
marked. b) A model of the double-walled nanotube with the long alkyl chains in the interior of the
bilayer. c) Schematic representation of the orientation b of the transition dipole of the monomer
dye relative to the long axis of the nanotube. The gray band indicates the wrapping of the inner
and outer walls of the bilayer tube by dye monomers. Reprinted from reference [75b] with
permission. Copyright (2009) Nature Publishing Group.

J-Aggregates
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• spectroscopic signatures (Scheibe & Jelley, 1930s)
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FIGURE 58. Molecular structure of the dye TDBC (5,5’,6,6’–tetrachloro–
1,1’–diethyl–3,3’–di(4–sulfobutyl)– benzimidazolcarbocyanine) forming J–
aggregates, together with the room temperature monomer absorption (in
methanol) and the J–band (in water). (J. Moll, S. Daehne, J. R. Durrant, and
D. A. Wiersma, J. Chem. Phys. 102, 6362 (1995))

FIGURE 59. Cylindrical J–aggregate of an amphiphilic dye. The basic structure
is shown in the lower–left part in a box with L = 1.9 nm, D = 0.4 nm, and H = 1.0
nm. The transition dipole moment lies in the direction of the long edge. Upper–
left part: single circle built by 10 molecules, right part: tenfold helix formed by
five of the shown circles. (C. Spitz, J. Knoester, A. Ourat, and S. Daehne, Chem.
Phys. 275, 271 (2002))

M
oll et al. (1995)

aggregation 

‣ peak shift 

‣ narrowing of band

Overview

• Frenkel exciton model 

• exciton-vibrational coupling 

• from electronic structure to absorption 

• coherence in photosynthesis 

• beyond a reduced system-bath description
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Frenkel Exciton Model
• electron-hole pair 

‣ Frenkel exciton 

‣ charge transfer (CT) exciton 

‣Wannier-Mott exciton 

• monomer: electronic excitation 

• aggregate: exciton=delocalized superposition state 

• exciton binding energy 
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HOMO

LUMO

D+ A-

HOMO

LUMO

Aggregate Hamiltonian

• separation of aggregate into m=1...Nmol monomeric 
building blocks 

‣ adiabatic wave functions & PES 

• aggregate wavefunction (neglecting exchange)

8

monomer Hamiltonian Coulomb interaction



• adiabatic state representation of aggregate Hamiltonian 

‣ monomer contribution 

‣ Coulomb coupling

9

‣ transition density 

‣ Coulomb matrix elements

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



Dipole Approximation

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

‣ dipole moment 

‣ Coulomb matrix elements

11

Testing the Dipole Approximation

• Formaldehyde Oxime dimer
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Figure 3.2.: Varying the distance (orthogonal to transition dipole moment)

Figure 3.3.: Varying the tilt angle ✓ (tilt axis perpendicular to transition dipole moment, the
distance between the monomer in the calculation is larger compared to the distance
indicated in this picture)

3.1.1. Dependence of the Coupling Strength on the Distance

In order to test the presented coupling-calculating method the TBFE is compared with the
following calculations explained in detail in Section 2.3:

• Supermolecular TD-DFTB: The dimer is calculated as a supermolecule with TD-DFTB.
Among the resulting transitions the two representing the coupled S0! S1 excitation
are identified by comparing the structure of the Kohn-Sham orbitals involved in the
leading transitions. The coupling strength is obtained by the half energy split which
includes additionally to J also K .

• Dipole Approximation: The transition dipole moments ~dm are calculated via TD-DFTB
(TD-DFT respectively). The coupling is estimated by Eq. (2.27)

• Supermolecular DFT: It follows the same procedure as the supermolecular TD-DFTB
ansatz. Details including the used functionals are mentioned in Chapter 2.6.

• Electronic Coupling Matrix Elements: Alternatively the transition charges of the
monomers can be calculated in independent calculations. They are used to estimate
the coupling strength by the Electronic Coupling Matrix Analysis.



• specification of Coulomb matrix elements for two level model
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482 9 Excitation Energy Transfer

9.2.2.1 Classification of the Coulomb Interactions1

We consider the matrix elements of the Coulomb interaction, Jmn(ab, cd). Accord-2

ing to the two-level assumption, all electronic quantum numbers can take only3

two values, corresponding to the ground state S0 (a D g) and the excited state4

S1 (a D e). In Table 9.1 we summarize the physical processes contained in the5

different matrix elements and the combinations of electronic state indices they cor-6

respond to. In row I all matrix elements are listed that describe the electrostatic7

interaction between charge densities located at molecules m and n. Row II of Ta-8

ble 9.1 contains those matrix elements that are responsible for the interaction of9

the transition from g to e (or the reverse) at molecule m with the charge density10

of either state g or state e at molecule n. Next we have those matrix elements that11

cause the motion of the excitation energy between different molecular sites in the12

aggregate (row III). They describe the transition of molecule m from the ground13

to the excited state, while the reverse process takes place at molecule n. This sit-14

uation is sketched in Figure 9.1. Finally, the last row IV contains the processes of15

simultaneous excitation or deexcitation of both molecules.16

If the deviation of n(m)
aa and n(n)

bb from zero is small enough (locally balanced17

charge distributions in the molecules), the contributions of both quantities can be18

neglected and the matrix elements of types Jmn(ab, bd) and Jmn(ab, ca) vanish.19

The whole set of Coulomb matrix elements, Eq. (9.21), reduces to the matrix ele-20

ment of row III:21

Jmn(eg, eg) ! Jmn D
Z

d3x d3x 0 ρ(m)
eg (x )ρ(n)

g e (x 0)
jx " x 0j . (9.28)22

Table 9.1 Classification of the Coulomb interaction matrix elements in Eq. (9.16) for electronic
two-level systems (note that Jmn is symmetric with respect to the site indices).

Matrix element Interaction process

(I) Jmn (gg, gg) between charges
Jmn (ee, ee) at molecules m and n
Jmn (ge, eg)
Jmn (eg, ge)

(II) Jmn (eg, gg) between transitions at
Jmn (gg, ge) molecule m with charges at n
Jmn (ge, ee)
Jmn (ee, eg)

(III) Jmn (eg, eg) between S0 ! S1 transition at molecule m
Jmn (ge, ge) and S1 ! S0 transition at n (and reverse)

(IV) Jmn (ee, gg) simultaneous excitation and deexcitation
Jmn (gg, ee) of molecules m and n

• Coulomb coupling for TLS with resonant terms only 

‣ dipole approximation 

‣ orientation factor 

‣ absorption of electronic homodimer

14



J- vs. H-Aggregates

‣ for applications that require strong fluorescence J-aggregates preferable
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J dimer

<54.7°

H dimer

>54.7°

abs.
IC

em.

Three-State Approximation

16

S0

S1

Sn

l organic dyes will have more than one excited state  

l important whenever more than two photons are absorbed 

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

l minimal effective model should include three levels

'm,g

'm,e

'm,f



N-Excitation States

• classification of aggregate‘s electronic state acoording to 
number of excitations 

‣ zero excitation 

‣ single excitation 

‣ double (local and nonlocal) excitation

17

Multi (Two)-Exciton Hamiltonian

• restrict Hamiltonian to two excitation space

18

one-exciton motion gap coordinate
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two-exciton motion „fusion/fission“

Exciton-Exciton Annihilation

• „interband“ (nonadiabatic) transitions 

‣ exciton representation 

‣ local process

20

fusion

internal conversion



Multi-Exciton Eigenstates

• diagonalization of N-exciton Hamiltonian 

‣ state expansions 

‣ exciton bands

21

Exciton-Vibrational Coupling

• one-exciton Hamiltonian 

‣ ground state vibrations 

‣ gap coordinate for excitation

22



Strategies

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

• harmonic bath models (spectral density): 

‣ single bath (e.g. intramolecular) 

‣ multi-mode Brownian oscillator 

‣ can be used to fit experimental sepectral densities 

• atomistic models: molecular dynamics simulations plus 
electronic structure theory

23

Huang-Rhys Model

S0

S1

en
er
gy

• shifted oscillator model for nuclear DOF 

• coupling given by Huang-Rhys factor 

• correlation function 

• spectral density

Um(Qm,⇠) = Em +
X

⇠

~!⇠

2
(Qm,⇠ �Q(0)

m,⇠)
2

Sm,⇠ =
1

2
Q(0) 2

m,⇠

Qm,⇠Q(0)
m,⇠0

Jm(!) =
X

⇠

Sm,⇠�(! � !m,⇠)

Cm(!) = 2⇡!2(1 + n(!))[Jm(!)� Jm(�!)]



• exciton-vibrational states 

‣ single excitation states 

‣ effective Coulomb coupling
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Absorption Spectrum 

‣ recall correlation function approach 

‣ basis set expansion for exciton-vibrational states 

‣ electronic character of certain state

26
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FIGURE 15. Effect of H-bonding on IR spectra.

3.2. Analysis of Linear IR Absorption Spectra.

• consider case of high-frequency mode at frequency !eg = (Ee �Eg)/~; other so-called
bath coordinates, q, are not further specified at this point, but assumed to couple to this
transition, i.e. Ha = Ha(q)

• linear spectrum is determined by correlation function

J(t) = tr

n

µU0(t)µ⇢eqU
+
0 (t)

o

• initial condition

⇢eq = |gi⇢ghg| ⇢g = e�Hg(q)/kT/Z

• to simplify matters we will use the Condon-approximation: µeg 6= µeg(q)

• action of dipole operator keeps bath coordinates alive

U0(t)|ai = |aie�iHa(q)t/~

J(t) = tr

n

µge|gihe|e�iHet/~µeg|eihg|⇢geiHgt/~|gihg|
o

• taking the partial trace w.r.t. to the selected high-frequency mode we have

J(t) = |µeg|2trq
n

e�iHet/~⇢ge
iHgt/~

o

µ =
X

↵

µ↵|↵ih0|+ h.c U0(t)|↵i = e�iE↵t/~|↵i ⇢eq = |0ih0|

! �00(!) /
X

↵

|µ↵|2�(~! � E↵)

|↵i =
X

Me1 ,Mg2

C↵(2,Me1 ,Mg2)|1,Me1 ,Mg2i+
X

Me1 ,Mg2

C↵(2,Mg1 ,Me2)|2,Mg1 ,Me2i

Cel = h↵|
X

m=1,2

|m, 0, 0ih0, 0,m| |↵i



• exciton-vibrational states (by matrix diagonalization)
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M. Schröter 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

28

(bacterio)chlorophyll pigments in purple and green bacterial
light-harvesting systems. The structural details of these
natural LH systems were, however, unknown at the time
when TiOPc photoconductors were developed.

5. Perylene Bisimide Dyes

As a consequence of their outstanding optical properties,
in particular exceptional fluorescence with quantum yields up
to unity, perylene bisimide (PBI)[143] dyes are a highly
interesting class of chromophores for J-aggregates with
promising functional properties. Similar to phthalocyanines,
the major application of PBI dyes is as high-performance
color pigments with shades ranging from red to violet,
maroon and black,[139] which is again attributable to the
arrangement of the molecules in the crystal and the resulting
excitonic coupling. Remarkably, despite their outstanding
fluorescence properties in solution, no fluorescence is typi-
cally observed for theses dyes in the solid state. The reason for
this might be attributed to the packing arrangement in the
pigments, which is mostly of H-type character.[143,144] Never-
theless, strongly emitting microcrystalline powders of PBI
dyes are accessible, as shown in Figure 40.[145] For dye 47d
with the bulky tert-butylphenoxy bay substituents, a high

solid-state fluorescence quantum yield of 70% was measured,
which might be rationalized by the fact that these substituents
prohibit the formation of close p–p contacts (with H-type
coupling). However, quite intense fluorescence was also
observed for the sterically less demanding chlorine-function-
alized PBI (47c) and even for the core-unsubstituted dyes
47a,b[146] (solid-state quantum yield of 40% for both 47b and
47c).[145]

In solution, perylene bisimides without bay substituents
prefer to aggregate in columnar stacks whose major absorp-
tion band is hypsochromically shifted, thus indicating pre-
dominant H-type excitonic coupling.[147] However, as a
consequence of a rotational displacement between neighbor-
ing dyes, the optical transition into the lower energy exciton
state becomes allowed,[27] as evidenced by a second absorp-
tion band at longer wavelength. The particular arrangement
and the concomitant photophysical properties of the aggre-
gates are strongly dependent on the imide substituents. For
PBIs bearing electronically active rather innocent trialkyl-
phenyl substituents, a relatively long-lived excited state with
an appreciably high fluorescence quantum yield of 47% has
been reported,[147] which was attributed to the relaxation of
the exciton into an excimer.[148]

In 2001, W!rthner et al. reported perylene bisimide dye
aggregates that exhibit predominant J-type character.[149,150]

Such J-aggregating PBIs, for example, 48a, have 3,4,5-
tridodecyloxyphenyl substituents at the imide N atoms and

Figure 39. Packing of TiOPc molecules in the Y-polymorph of the
charge-generating layers of xerographic photoreceptors; green C,
blue N, red O, gray Ti. This Figure was made available by P. Erk (BASF
SE), as a courtesy.

Figure 40. Left: Structures of PBI dyes 47a–d that strongly fluoresce in
the solid state. Right: Photographs of fluorescent powders of 47c (in a
glass vial) and other PBI pigments 47a,b,d (upon illumination with UV
light at 366 nm).[145]

Figure 41. a) Structures of PBIs 48a,b that form aggregates with J-type
character. b) Concentration-dependent UV/Vis absorption spectra of
48a in methylcyclohexane (MCH). The arrows indicate the changes in
the spectra with increasing concentration. The dotted lines represent
spectra for the free and the aggregated chromophores, calculated from
the respective data set. Reproduced from Ref. [149] with permission.

J-Aggregates

3401Angew. Chem. Int. Ed. 2011, 50, 3376 – 3410 ! 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Würthner et al., Angew. Chem. Int. Ed. 50, 3376 (2011)



Perylene Bisimide Aggregates

exp: S. Lochbrunner group

‣ rare J-aggregate perylene 
derivative 

‣ 1D diffusion (~100nm) 

‣ delocalization length ~2 S0 ! S1

S0 ! S2

H. Marciniak et al., J. Phys. Chem. A 115, 648 (2011)
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Fig. 3 Molecular orbital energy levels (eV) of the three highest
occupied and three lowest unoccupied molecular orbitals of PBI-1
(C1) in vacuum.

torsional angle from 22.9 to 21.8⇤ and the same holds for
C2C1OR⌃CR⌃ , as is seen in Table 1.

Electronic structure of PBI-1

The three highest occupied and the three lowest unoccupied
molecular orbitals are presented in the MO-diagram in Fig-
ure 3. All three occupied MOs have the same bonding char-
acter: ⇥ bonding orbitals localized on the perylene subunit ex-
tending over all four phenol bay-substituents (⇥per+bay). The
anti-bonding pi-orbitals are localized on the central perylene
bisimide unit (⇥per+bay) and are energetically well separated.
The HOMO-LUMO energy gap is 2.324 eV.

Electronic absorption and fluorescence spectra

The measured ground state absorption spectrum for the PBI-
1 monomer is characterized by a strong absorption peak at
580 nm, see Fig 4. It contains a broad shoulder from 575 -
500 nm. A broad weak absorption occurs at 450 nm. The
dominant monomer absorption has a width of 1110 cm�1.

The calculated electronic transitions for the monomer is
presented in Table 2 and includes only those transitions
with oscillator strengths larger than 0.05. Excitations oc-
cur predominantly from the perylene bisimide (⇥pbi) unit or
from the perylene unit with inclusion of the bay substituents
(⇥per+bay). Charge transfer states, appearing at energies larger

Table 2 Electronic transitions with oscillator strengths larger than
0.05 are given in terms of their energy (eV and nm), oscillator
strengths f , and the major contribution to the transition in vacuum.

E / eV f excitation one-electron excitation �/nm
2.13 0.59 ⇥

pbi

⇧ ⇥⇥
pbi

1S1(274-275) 582.2
2.74 0.22 ⇥

per+bay

⇧ ⇥⇥
pbi

1S2(273-275) 453.2
4.22 0.28 ⇥

pbi

⇧ ⇥⇥
pbi

1S34(274-281) 293.8
4.25 0.05 ⇥

pbi=o

⇧ ⇥⇥
pbi

1CT (250-275) 292.0
4.25 0.16 ⇥

per+bay

⇧ ⇥⇥
pbi

1S36(272-277) 291.6
4.48 0.07 ⇥

pbi

⇧ ⇥⇥
bay

1CT (274-283) 278.2
4.67 0.05 ⇥

bay

⇧ ⇥⇥
pbi

1CT (262-276) 265.7
4.70 0.05 ⇥

pbi=o

⇧ ⇥⇥
pbi

1CT (256-276) 263.8

O
D

wavelength/nm

S2 � S0

S1 � S0 S1 ⇥ S0

450 500 550 600 650 700 750

Fig. 4 The calculated steady state absorption (top) and emission
(bottom) spectra plotted with their corresponding experimental
spectra. The PBI-1 absorption spectrum is measured at a
concentration of 0.0016 mM in methylcyclohexane and the
calculated electronic transitions are plotted (thick bars) with heights
indicating their relative oscillator strengths. The absorption and
emission vibrational progressions are presented with solid gray
peaks.

than 4.25 eV, have small oscillator strengths, and do not affect
the ordering of lower-energy electronic states. The lowest en-
ergy S1 ⌅ S0 transition (⇥pbi ⇧ ⇥⇥pbi) is calculated at 2.13 eV
and is the strongest transition with an oscillator strength of
f = 0.59. The following S2 ⌅ S0 transition, with an oscilla-
tor strength f = 0.22 nearly a third of the primary transition,
has an energy of 2.74 eV. Absorbing electronic states with
energies of 4.22 and 4.25 eV also landscape the high-energy
regime of the absorption spectrum with oscillator strengths of
0.28 and 0.16 respectively.

The measured absorption spectrum for the monomer occurs
in the range of 400 to 650 nm and is therefore the focus of the
theoretical study. The two lowest lying transitions are plotted
under the experimental spectrum in the top panel of Figure 4,
where they have been scaled to fit the spectrum. The calcu-
lated spectrum coincides exceptionally well with the measured
spectrum with small red-shift deviations of around 3 nm for
the monomer in gas phase. The broad shoulder between 575-
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• TDDFT/B3LYP (6-311G*) 

‣ response function formalism 

‣ based on ground state KS density

D. Ambrosek et al., PCCP 13, 17649 (2011) 



Exploring the Coulomb Coupling

• S0 → S1 transition 
• remove side groups 
• lateral displacement 

DFTB Mulliken transition charges of PBI

Coupling of the dimer shifted along 
x- and y-direction

• dimer structures (DFTB simulated annealing)

174101-7 Plötz, Niehaus, and Kühn J. Chem. Phys. 140, 174101 (2014)

TABLE II. Coulomb coupling obtained by TBFE and by DFT/B3LYP for
the H- and J-like configurations as shown in Fig. 7 and with an additional
displacement of 1 Å along the vector connecting the center of masses of the
perylene cores.

Configuration Jmn/eV (TBFE) Jmn/eV (DFT)

H 0.091 0.103
H + 1 Å 0.068 0.076
J − 0.030 − 0.034
J + 1 Å − 0.019 − 0.021

The TBFE scans of the Coulomb coupling are shown in
Fig. 6. Apparently, there is a broad region around the origin
of axes where the coupling has a positive sign and is of the
order ∼0.08-0.1 eV (upper panel). This holds irrespective of a
rotation (lower panel). However, if the two planes are slid with
respect to each other along the long axis of the monomer the
coupling becomes negative. Negative couplings ∼−0.03 eV
are found around !y = ±10 Å with some flexibility in the
rotation angle.

In order to correlate the results of Fig. 6 to possible struc-
tures of the full system, we have performed simulated an-
nealing MD simulations. Figure 7 shows two dimer structures
obtained from different initial conditions, i.e., configurations
around !x = !y = !z = 0 (panel (a)) and !y = −10 Å,
!x = !z = 0 (panel (b)). The structure in panel (a) having a
positive coupling is in stacked H-aggregate configuration. It is
marked by a black circle in Fig. 6 and the actual value for the
coupling is Jmn = 0.103 eV; see Table II. In Ref. 59, such type
of configuration had been identified as being responsible for
the spectral features at intermediate temperatures (∼40◦C).
In contrast, the structure in panel (b) represents a J-type ar-
rangement (white circle in Fig. 6) with the coupling being Jmn

= −0.034 eV; see Table II and Fig. 6. Its slip-stack struc-
ture reduces steric hindrance as compared to panel (a) and
hence can facilitate the growth of longer aggregates. Notice
that for obtaining these structures, inclusion of the dispersion
correction has been crucial. Without this correction no closely
packed aggregate structures are found.

The reduced PBI-1 model still allows for a comparative
DFT/B3LYP calculation. Such a comparison is performed for
selected geometries in Table II. Overall, the agreement is
rather good, deviations range from 10 to 13%. Notice that
in this case the transitions dipoles of the perylene cores (in
atomic units) are (−0.57, 2.90, 0.80) (TD-DFTB) and (−0.54,
2.66, 0.75) (TD-DFT/B3LYP), i.e., comparable in amplitude
and direction. However, at this distance, the dipole approxi-
mation is not applicable.

IV. SUMMARY

In conclusion, TD-DFTB offers an efficient method for
the calculation of Frenkel exciton parameters of molecular
aggregates. In particular, the Coulomb couplings can be ex-
pressed in terms of Mulliken transition charges, which are
determined within the TD-DFTB scheme at low computa-
tional cost. This opens the possibility to perform on-the-fly
molecular dynamics simulations, with intermolecular forces

and Frenkel exciton parameters being determined on the same
footing. This could be the basis for non-adiabatic simulations
of exciton dynamics, similar to the case of charge transfer
(see, e.g., Refs. 34 and 58). On the other hand, at this stage
the information about fluctuating transition energies and cou-
plings along an equilibrium trajectory would be sufficient to
set up a separate quantum simulation of exciton dynamics in
the framework of dissipation theory.2

The performance of the new TBFE scheme has been
tested for two examples. In case of the FOD, it was
found that monomer excitation energies are comparable to
DFT/B3LYP/PBE results. The Coulomb coupling reflects the
difference in transition dipole strengths if compared to DFT,
at least for large distances where the dipole approxima-
tion holds. The agreement between TD-DFTB and SCS-CC2
super-molecule calculations is almost quantitative except for
short distances.

In order to demonstrate the applicability to larger systems
extensive scans of the Coulomb coupling along intermolecu-
lar coordinates of a PBI-1 dimer have been performed. Here,
two configurations could be identified for the perylene core
system, i.e., a stacked H-like dimer and a slip-stacked J-type
dimer. Specific geometries for these dimers were obtained
for the full system using DFTB-based simulated annealing.
The observation of two different dimers distinguished by their
photophysical properties confirms the biphasic aggregation
model introduced in Ref. 59.
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APPENDIX A: COUPLED SYSTEM FORMULATION

In the following, we present an alternative derivation for
the determination of the resonant Coulomb coupling between
excitations, which is based on a separation of the Kohn-Sham
equation into monomeric and coupling contributions. Recall-
ing Eq. (13)

∑

j t

[
ω2

isδijδst + 4
√

ωisKis,j t
√

ωj t

]
F

eg
jt = $2

eg F
eg
is , (A1)

which is adapted to the problem of two subsystems m and n
having the same number of electrons. Assuming that the sets
of Kohn-Sham orbitals are known for m and n and stay sepa-
rated (postulates a sufficient large separation and no second-
order effects) F

eg
is can be sectioned into

F
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H-dimer J-dimer

• sandwich geometry 
• cannot be elongated 
• H-bonded

• laterally shifted 
• nucleus for longer aggregates 
• weaker π−stacking 



• Franck-Condon active modes (TDDFT, B3LYP, 6-311G*)
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LH2: Photosynthetic Antenna
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LH2 complex (Rps. acidophila) [3]

Rb. capsulatus [1]

intracytoplasmic membrane [2]

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

Multi-Exciton Model
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Quantum Master Equation
‣ one-exciton reduced density matrix 

‣ Caldeira-Leggett type model (one bath) 

‣ relaxation rates 

‣ static disordered via sampling of transition energies 
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1. Population transfer: a = b, c = d
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• energy relaxation rate kab (⌘ ka!b)

kab = 2�ab,ba(!ab) =

X

u,v

K(u)
ab K

(v)
ba Cuv(!ab) .

• energy relaxation rate is probing correlation function at respective transition frequency

2. Coherence dephasing: a 6= b, a = c, b = d

Rab,ab ⌘ �ab =
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• determines the damping of the off–diagonal elements and is called dephasing
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3. All elements of Rab,cd which do not correspond to cases (1) and (2):

• coherence transfer: ⇢ab ! ⇢cd (Rab,cd)
• populations can change to coherences: ⇢aa ! ⇢cd (Raa,cd)
• coherences can be transformed into populations: ⇢ab ! ⇢cc (Rab,cc)

• secular approximation neglects all terms which mix coherences and populations
• reasoning follows from EOM in interaction rep.
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B850 Linear Absorption

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

39

B850: Pump-Probe Spectroscopy

40M. Chachisvilis et al., JPC B 101, 7275 (1997)



Quasi-Stationary Spectra

• pump-probe absorption band shape sensitive to disorder strength

41Kühn et al., J. Chem. Phys. 107, 4154 (1997)

Dynamics & Coherence

‣ ultrafast relaxation 

‣ dynamical localization

42
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Green Sulfur Bacteria

• inhabit oxygen poor, sulfur rich environments 

• adapt to low light conditions

http://universe-review.ca
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Figure 1 |A quantummachine for efficient light-energy harvesting. The well-studied FMO complex in the light-harvesting apparatus of green-sulphur
bacteria exhibits some signatures of quantum coherent energy transfer. Experimental and theoretical works have scrutinized the precise mechanisms and
quantumness of the energy transduction through this protein. Research in this field might reveal new quantum mechanical principles for improving the
efficiency of energy harvesting in biology. a, Diagram of the photosynthetic apparatus of green sulphur bacteria, including its antenna, energy-conducting
baseplate and FMO complexes, and reaction centre. The chlorosome antenna (green discs) is composed of roughly 200,000 BChl-c molecules, and is an
exceptionally large structure that is designed to capture as many photons as possible in the low-light conditions the bacteria thrive in. Sunlight creates an
excitation in this antenna that is transferred (red arrows) to the reaction centre through one of several FMO complexes. b, The BChl-a arrangements of one
of the FMO pigment-protein complexes through X-ray diffraction. The FMO complex comprises eight (although only seven are shown here)
bacteriochlorophyll-a (BChl-a) molecules that are encased in a protein scaffolding (not shown). The excitation arrives from the chlorosome at one of the
sites, typically thought to be the site denoted as 1. This excitation is then transported from one BChl molecule to the next. Once it arrives at site 3 it can
irreversibly enter the reaction centre and start a charge-separation process.

always transferred to the reaction centre faster than it can be lost
to fluorescence relaxation.

How then might quantum coherence in the transport process
help the excitation get to where it needs to go? Several physically
plausible explanations have been proposed. Some theoretical
approaches focused on treating the protein environment as a
Markovian anduncorrelated thermal bath. Thismeant that each site
in the FMOcomplex feels its own individual randomenvironmental
noise. Such treatments26,27 suggest that the combination of the
coherence of the excitation transport and the thermal environment
creates a level-broadening effect. Simple models19,26–28 predict that
this allows the excitation to easily escape any local minima in
the uneven excitation energy landscape of the FMO complex.
Other authors29 have demonstrated that the coherent dynamics
of the excitation can also conspire with the rapid (incoherent)
rate of transfer from the site closest to the reaction centre to
the reaction centre itself. They showed that this collaboration
between quantum coherent evolution and incoherent tunnelling
creates a high-efficiency energy trap, drawing the excitation
into the reaction centre.

Recent progress. Much of the latest theoretical work on the FMO
complex has been on the nature of the protein environment.
As mentioned earlier, the simplest treatment is to consider each
molecule to be in contact with an uncorrelated Markovian thermal
bath. However, because of the strong coupling (100 cm�1) between
the electronic excitations and nuclear motion in the protein
environments around the FMO (refs 30,31) complex, the consensus

is that this treatment is insufficient. There are three approximations
that may break down in this limit: the perturbative-coupling
approximation (sometimes termed the Born approximation in
system–bath models), the memory-less (or Markovian) approxi-
mation and the independent-bath approximation. A great deal of
work has been done on understanding what happens when these
three approximations are relaxed13,19,31–38.

Evidence, both theoretical and experimental, does hint that the
non-perturbative and non-Markovian environment can enhance
both the coherence time19 and the efficiency of the excitation
transport39. Similarly, a recent analysis argued that coherent vi-
bronic excitations may play an important role in the coherent oscil-
lations seen in experiments40–42. However, the role of correlations
between the baths of different BChl molecules is still not fully un-
derstood. Recent work39 showed that the correlations can in princi-
ple improve the efficiency in some cases, but can also decrease it, and
that there is an optimal overall noise level. In comparison, molec-
ular dynamics simulations43,44 indicated that the uncorrelated-bath
approximations may hold, and thus independent-bath models may
be sufficient to explain any enhancement in efficiency. Ultimately,
the real role of correlated-bath effects and vibronic excitations in
photosynthetic units, FMO and otherwise, is still not clear, and
requires further experimental studies.

Despite the positive results and predictions we discussed in the
last section, recent analysis has shown that the efficiency benefits
provided by quantummodels in comparison to the classical Förster
model (which can be seen as a perturbative expansion of the
quantum one, with no quantum coherence) may be only a few

12 NATURE PHYSICS | VOL 9 | JANUARY 2013 | www.nature.com/naturephysics
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Figure1|Aquantummachineforefficientlight-energyharvesting.Thewell-studiedFMOcomplexinthelight-harvestingapparatusofgreen-sulphur
bacteriaexhibitssomesignaturesofquantumcoherentenergytransfer.Experimentalandtheoreticalworkshavescrutinizedtheprecisemechanismsand
quantumnessoftheenergytransductionthroughthisprotein.Researchinthisfieldmightrevealnewquantummechanicalprinciplesforimprovingthe
efficiencyofenergyharvestinginbiology.a,Diagramofthephotosyntheticapparatusofgreensulphurbacteria,includingitsantenna,energy-conducting
baseplateandFMOcomplexes,andreactioncentre.Thechlorosomeantenna(greendiscs)iscomposedofroughly200,000BChl-cmolecules,andisan
exceptionallylargestructurethatisdesignedtocaptureasmanyphotonsaspossibleinthelow-lightconditionsthebacteriathrivein.Sunlightcreatesan
excitationinthisantennathatistransferred(redarrows)tothereactioncentrethroughoneofseveralFMOcomplexes.b,TheBChl-aarrangementsofone
oftheFMOpigment-proteincomplexesthroughX-raydiffraction.TheFMOcomplexcompriseseight(althoughonlysevenareshownhere)
bacteriochlorophyll-a(BChl-a)moleculesthatareencasedinaproteinscaffolding(notshown).Theexcitationarrivesfromthechlorosomeatoneofthe
sites,typicallythoughttobethesitedenotedas1.ThisexcitationisthentransportedfromoneBChlmoleculetothenext.Onceitarrivesatsite3itcan
irreversiblyenterthereactioncentreandstartacharge-separationprocess.

alwaystransferredtothereactioncentrefasterthanitcanbelost
tofluorescencerelaxation.

Howthenmightquantumcoherenceinthetransportprocess
helptheexcitationgettowhereitneedstogo?Severalphysically
plausibleexplanationshavebeenproposed.Sometheoretical
approachesfocusedontreatingtheproteinenvironmentasa
Markoviananduncorrelatedthermalbath.Thismeantthateachsite
intheFMOcomplexfeelsitsownindividualrandomenvironmental
noise.Suchtreatments26,27suggestthatthecombinationofthe
coherenceoftheexcitationtransportandthethermalenvironment
createsalevel-broadeningeffect.Simplemodels19,26–28predictthat
thisallowstheexcitationtoeasilyescapeanylocalminimain
theunevenexcitationenergylandscapeoftheFMOcomplex.
Otherauthors29havedemonstratedthatthecoherentdynamics
oftheexcitationcanalsoconspirewiththerapid(incoherent)
rateoftransferfromthesiteclosesttothereactioncentreto
thereactioncentreitself.Theyshowedthatthiscollaboration
betweenquantumcoherentevolutionandincoherenttunnelling
createsahigh-efficiencyenergytrap,drawingtheexcitation
intothereactioncentre.

Recentprogress.MuchofthelatesttheoreticalworkontheFMO
complexhasbeenonthenatureoftheproteinenvironment.
Asmentionedearlier,thesimplesttreatmentistoconsidereach
moleculetobeincontactwithanuncorrelatedMarkovianthermal
bath.However,becauseofthestrongcoupling(100cm�1)between
theelectronicexcitationsandnuclearmotionintheprotein
environmentsaroundtheFMO(refs30,31)complex,theconsensus

isthatthistreatmentisinsufficient.Therearethreeapproximations
thatmaybreakdowninthislimit:theperturbative-coupling
approximation(sometimestermedtheBornapproximationin
system–bathmodels),thememory-less(orMarkovian)approxi-
mationandtheindependent-bathapproximation.Agreatdealof
workhasbeendoneonunderstandingwhathappenswhenthese
threeapproximationsarerelaxed13,19,31–38.

Evidence,boththeoreticalandexperimental,doeshintthatthe
non-perturbativeandnon-Markovianenvironmentcanenhance
boththecoherencetime19andtheefficiencyoftheexcitation
transport39.Similarly,arecentanalysisarguedthatcoherentvi-
bronicexcitationsmayplayanimportantroleinthecoherentoscil-
lationsseeninexperiments40–42.However,theroleofcorrelations
betweenthebathsofdifferentBChlmoleculesisstillnotfullyun-
derstood.Recentwork39showedthatthecorrelationscaninprinci-
pleimprovetheefficiencyinsomecases,butcanalsodecreaseit,and
thatthereisanoptimaloverallnoiselevel.Incomparison,molec-
ulardynamicssimulations43,44indicatedthattheuncorrelated-bath
approximationsmayhold,andthusindependent-bathmodelsmay
besufficienttoexplainanyenhancementinefficiency.Ultimately,
therealroleofcorrelated-batheffectsandvibronicexcitationsin
photosyntheticunits,FMOandotherwise,isstillnotclear,and
requiresfurtherexperimentalstudies.

Despitethepositiveresultsandpredictionswediscussedinthe
lastsection,recentanalysishasshownthattheefficiencybenefits
providedbyquantummodelsincomparisontotheclassicalFörster
model(whichcanbeseenasaperturbativeexpansionofthe
quantumone,withnoquantumcoherence)maybeonlyafew
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Figure1|Aquantummachineforefficientlight-energyharvesting.Thewell-studiedFMOcomplexinthelight-harvestingapparatusofgreen-sulphur
bacteriaexhibitssomesignaturesofquantumcoherentenergytransfer.Experimentalandtheoreticalworkshavescrutinizedtheprecisemechanismsand
quantumnessoftheenergytransductionthroughthisprotein.Researchinthisfieldmightrevealnewquantummechanicalprinciplesforimprovingthe
efficiencyofenergyharvestinginbiology.a,Diagramofthephotosyntheticapparatusofgreensulphurbacteria,includingitsantenna,energy-conducting
baseplateandFMOcomplexes,andreactioncentre.Thechlorosomeantenna(greendiscs)iscomposedofroughly200,000BChl-cmolecules,andisan
exceptionallylargestructurethatisdesignedtocaptureasmanyphotonsaspossibleinthelow-lightconditionsthebacteriathrivein.Sunlightcreatesan
excitationinthisantennathatistransferred(redarrows)tothereactioncentrethroughoneofseveralFMOcomplexes.b,TheBChl-aarrangementsofone
oftheFMOpigment-proteincomplexesthroughX-raydiffraction.TheFMOcomplexcompriseseight(althoughonlysevenareshownhere)
bacteriochlorophyll-a(BChl-a)moleculesthatareencasedinaproteinscaffolding(notshown).Theexcitationarrivesfromthechlorosomeatoneofthe
sites,typicallythoughttobethesitedenotedas1.ThisexcitationisthentransportedfromoneBChlmoleculetothenext.Onceitarrivesatsite3itcan
irreversiblyenterthereactioncentreandstartacharge-separationprocess.

alwaystransferredtothereactioncentrefasterthanitcanbelost
tofluorescencerelaxation.

Howthenmightquantumcoherenceinthetransportprocess
helptheexcitationgettowhereitneedstogo?Severalphysically
plausibleexplanationshavebeenproposed.Sometheoretical
approachesfocusedontreatingtheproteinenvironmentasa
Markoviananduncorrelatedthermalbath.Thismeantthateachsite
intheFMOcomplexfeelsitsownindividualrandomenvironmental
noise.Suchtreatments26,27suggestthatthecombinationofthe
coherenceoftheexcitationtransportandthethermalenvironment
createsalevel-broadeningeffect.Simplemodels19,26–28predictthat
thisallowstheexcitationtoeasilyescapeanylocalminimain
theunevenexcitationenergylandscapeoftheFMOcomplex.
Otherauthors29havedemonstratedthatthecoherentdynamics
oftheexcitationcanalsoconspirewiththerapid(incoherent)
rateoftransferfromthesiteclosesttothereactioncentreto
thereactioncentreitself.Theyshowedthatthiscollaboration
betweenquantumcoherentevolutionandincoherenttunnelling
createsahigh-efficiencyenergytrap,drawingtheexcitation
intothereactioncentre.

Recentprogress.MuchofthelatesttheoreticalworkontheFMO
complexhasbeenonthenatureoftheproteinenvironment.
Asmentionedearlier,thesimplesttreatmentistoconsidereach
moleculetobeincontactwithanuncorrelatedMarkovianthermal
bath.However,becauseofthestrongcoupling(100cm�1)between
theelectronicexcitationsandnuclearmotionintheprotein
environmentsaroundtheFMO(refs30,31)complex,theconsensus

isthatthistreatmentisinsufficient.Therearethreeapproximations
thatmaybreakdowninthislimit:theperturbative-coupling
approximation(sometimestermedtheBornapproximationin
system–bathmodels),thememory-less(orMarkovian)approxi-
mationandtheindependent-bathapproximation.Agreatdealof
workhasbeendoneonunderstandingwhathappenswhenthese
threeapproximationsarerelaxed13,19,31–38.

Evidence,boththeoreticalandexperimental,doeshintthatthe
non-perturbativeandnon-Markovianenvironmentcanenhance
boththecoherencetime19andtheefficiencyoftheexcitation
transport39.Similarly,arecentanalysisarguedthatcoherentvi-
bronicexcitationsmayplayanimportantroleinthecoherentoscil-
lationsseeninexperiments40–42.However,theroleofcorrelations
betweenthebathsofdifferentBChlmoleculesisstillnotfullyun-
derstood.Recentwork39showedthatthecorrelationscaninprinci-
pleimprovetheefficiencyinsomecases,butcanalsodecreaseit,and
thatthereisanoptimaloverallnoiselevel.Incomparison,molec-
ulardynamicssimulations43,44indicatedthattheuncorrelated-bath
approximationsmayhold,andthusindependent-bathmodelsmay
besufficienttoexplainanyenhancementinefficiency.Ultimately,
therealroleofcorrelated-batheffectsandvibronicexcitationsin
photosyntheticunits,FMOandotherwise,isstillnotclear,and
requiresfurtherexperimentalstudies.

Despitethepositiveresultsandpredictionswediscussedinthe
lastsection,recentanalysishasshownthattheefficiencybenefits
providedbyquantummodelsincomparisontotheclassicalFörster
model(whichcanbeseenasaperturbativeexpansionofthe
quantumone,withnoquantumcoherence)maybeonlyafew
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BChl a Spectral Density

• parametrization of experimental spectral density

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

‣ structured spectral 
density 

‣ no info about vibrations

• Quantum Master Equation

‣ model: 7 electronic 
states +  74 vibrational 
modes per site

• Schrödinger equation
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Population and Coherence Dynamics
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J. Schulze, O.K., JPC B 119, 6211 (2015), J. Schulze, O.K. et al., arXiv:1602.03973 [physics.chem-ph]

• oscillation frequencies (220, 160 cm-1) differ from bare electronic value (208 cm-1) 

• dephasing due to high-dimensional vibrational space



Vibrational/Vibronic Dynamics

• vibrational excitation at site m
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• vibronic excitation at site m

Vibrational/Vibronic Excitation

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

‣ vibronic excitation at site 3 (resonance picture)
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Synopsis

Hamiltonian Dynamics

Spectroscopy

Born-Oppenheimer

potential energy surfaces

normal modes

Caldeira-Leggett

QM/MM

MCTDH

Quantum Master Equation

spectral density

Schrödinger equation

nonlinear polarization 

phase matching 

response functions 

lineshape function
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